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A computer program based on the Single Element Method is described and
ship contrast temperature calculations are given. This program models a
specific ship, the U.S. Navy Patrol Frigate. However, the choice of ship
model is shown to be not critical provided that stack cooling is assumed.
The program was run with weather data gathered by Weather Ship J over an
8 year period (1964-71). Results are given as the probability of observing
a given contrast temDerature or lower values over a 4 month season. The
effect of target ship heading and season on contrast temperatures is
analyzed and discussed. A general recomendation of expected contrast

1; temperatures is made for the weather data of this study.
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SUMMARY

This report represents work done to support electro-optical programs at the

Dahlgren Laboratory of the Naval Surface Weapons Center. It presents analytical
methods which were developed to predict ship signatures which include weather
effects. These are given as ship contrast temperatures that are used in computer
programs to predict the performance of present optical systems used for infrared
detection and tracking (8-12 m waveband). This report also presents contrast
temperature predictions for weather data taken by ship J during the years 1964-71.
Future efforts will center on signature predictions for other locations and on the
expansion of the analytical models to include other ship targets and background
conditions. This work was sponsored by Code N54 of the Naval Surface Weapons
Center.

Paul R. WESSEL
By direction
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I. INTRODUCTION

The Navy has long been interested in the possibility of using infrared sensors
to detect and track ships at sea. Furthermore, the threat of anti-ship missiles
launched from ships at sea has heightened the Navy interest in passive surveillance
methods. The continuing developnent of detectors, optical materials, and scanning
devices has resulted in electro-optical systems for gunnery improvement and passive
detection of targets. These early systems established the feasibility of infrared
detection and lead to interest in a future program to develop a modular Electro-
optical Fire Control Subsystem for present ond future naval guns. This would seek
to provide passive detection and tracking along with laser illumination for range-
finding for targets primarily encountered by ships at sea. The sensor suite for
this system includes both a television sensor and a thermal imaging (FLIR) sensor
which will operate in the 8-12 micrometer region.

The infrared signatures of surface ships depend upon their construction,
operation, and existing weather conditions. The location of power plants, exhaust
stacks and areas of different construction causes spacial variations of signature
(emitted radiation) over the target. However, to simplify ongoing performance
studies, it was decided to approximate the target signature by an average signature
which is constant over the target area. This average signature is given as the
ship contrast temperature which is the effective temperature difft-ence between the
ship and its infrared background. The ship contrast temperatures must include
weather effects for system performance studies. In these, the statistical varia-
tion of ship contrast temperature with weather conditions provided by weather ship
data is first found. These contrast temperatures are then used in the system per-
formance study to determine the percentage of time that the ship target will be
detected.

The importance of infrared ship signatures has led to the -recent development of
computer codes:,: for their calculation. These codes divide a ship into a large
number of sections and numerically compute the temperature of each section. The
ship temperatures are used to calculate ship radiances. A separate calculation re-
quiring atmospheric temperatures is made to determine the corresponding background
radiance. From these, contrast radiance or signature is defined as the sum of the
radiance contribution from each ship section minus the background radiance. This

'Batley, P. E., "Ship Infrared Signatures (SIRS) Computer Model-Technical Overview
and User's Manual," NAVSHIPRANDCE.4 Rept. SME-78-37 (1978)2"Fleet Signature Computer !odel Program Manual," Westinghouse Defense and Space
Center, H-aitimore, Maryv, id, Ript. 3796A, , ...
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approach results in large, rather slow running computer programs and it would be
costly to produce signatures for more than a few days of at-sea weather cond.tlons.
The objective of the present work is to compute ship signatures for a large number
of weather observations so that the statistical variation of signature including
weather effects can be given.

A fast-running approximate method of ship signature computation based on the
full-scale codes was developed to utilize the large weather ship data base.
Basically, this method approximates a ship by replacing it with a single element
and applies 3 correction factors to average the spacial variations. The correction
factors are developed for: (1) differences in internal temperatures found through-
out the ship; (2) differences in thermal capacity of plating on different sections
of the ship; and (3) the presence of a visible stack for exhausting products of
combustion. The technique of modeling a ship by a single element and 3 correction
factors is termed the Single Element Method. It is designed to be used with
weather ship meteorological data. Weather ship data, for ships operating in both
the Atlantic and Pacific Oceans were obtained from the Navy Weather Service. These
ships provide both surface and upper air data which was taken either hourly or
every 3 hours in well-defined locations. This data was used to make hourly calcu-
lations of ship contrast temperatures for use in the statistical compilations. The
Single Element Method of ship signature calculation reduces computer running time
to the point where several years of hourly weather data cdn be economically run and
statistically analyzed.

The purpose of this report is to describe the Single Element Method, itsassociated computer program, and its application in computing ship contrast temper-

atures. Ship signatures were calcuiated for a model of the U.S. Navy Patrol

Frigate located at one North Atlantic weather ship location. These will be pre-
sented for 8 years of hourly meteorological observations. Statistical results are
given for ship, sky, background and ship contrast temperatures. Ship contrast
temperatures dre specified for day, night and overall operation and for midday
hours where they are the largest. Additional computer runs were made to determine
the effect of target ship heading or its signature. The methods and results
presented herein were developed to aid in present systems performance studies.
However, they can be used in providing estimates of ship contrast temperatures for
other purposes.

6
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II. BACKGROUND

This section describes the methods previously used to computer ship signatures
from which much of the present work will be derived. 1t will cover signature
models and definitions as an aid to undersi.anding the approximate method described
in this report. However, this section can be skipped b those readers mainly
interested in the statistical results or tnose already familiar with the previous
computer codes. The present work will use the basic mndels of the-e codes with
the important difference that signatures will be given es a ship contrast tempera-ture instead of as the radiative power induced in a remote sensor. This section

will briefly describe these models and give the signature related definitions while
also pointing out which parts of the model will be of future use. The infrared
Signature of a ship target was originally defined3 as the signal power it induces
in a remote sensor as the sensor's instantaneous field-of-view scans across the
ship and its background. This definition is expressed mathematically by the
following equation for radiative signal power.

P ff (tit- Nb)- Ua d d, 1)

Here, the signature is really the change in irradiance between instantaneous fields-
of-view containing the ship superimposed on its background, Nt, and its background,
Nb, respectively. The more general case of the first field-of-view containing the
ship plus portions of the backgruond is not covered by equation (1). However, this
case will not be considered in the present work which defines the signature as a
contrast temperature occurring at the ship and leaves it to the user to relate this
to his detector. Furthmore, the detector normalized response and the transmission
of the air path between target and detector are not needed in the present analysis
of target signature. The difference between the target surface radiance, Nt and
the sea surface or background radiance, Nb, defines the spectral radiance contrast
at the target. This quantity will be later related to the contrast temperature
definition of ship signature.

The target surface radiance is the radiant energy that the target emits due to
its surface temperature plus what it reflects from its background. This quantity
is given by equation (2) as follows:

Nt = Rs cs + RL Af- (I-- )+Ng( l - s ) (2)

where all radiative quantities are a function of wavelength. The first term in
equation (2) is the radiance eritted by the shiD's surface which is assumed to be a

'Ibid, p. 2-2

7! I _
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graybody. That is, this radiance is the product of blackbody radiance at the
ship's surface temperature and the emissivity of its surface coating which is
assumed to be constant over the waveband of interest. The spectral blackbody
radiance is given by the familiar Planck's law as follows:

3.74 , 10" Watts
R -_(3)

n \ {exp(1.439 x 104/,T-1) m2-Sr - pm

The middle term accounts for the reflection of the sun off of the target and
towards the detector. This quantity is governed by the angle factor, Af, which
has been empirically determined to be about lO" . The sun reflection was found to
be only about one percent of the remaining terms ir the 8-12iim waveband hence it
was omitted in the approximate method. In the final term, the apparant background
radiance, Nq, is the radiance the target receives and subsequently reflects ka por-
tion) from its background. The background seen by a target element can be the sky
(upper atmosphere), the air (sea level atmosphere), or the sea depending on the
orientation of the element. In the Single Element Method, the element is taken to
be vertical and its apparent background is radiance received from a long horizontal
air path. This background is represented as a blackbody at sea level air tempera-

~ture.

Sensor background radiance is the radiant energy felt by a sensor if the
target were suddenly removed from its field-of-view. This quantity is composed of

radiance from the sea surface plus radiance reflected from the sky (upper atmos-
phere). Radiance is received from the sky even if it is not in the field-of-view
because of reflectin facets caused by sea waves. The sea surface radiance is
given by equation (M, as follzws,

Nb = R w tw+ UsU( - W)  (4)

where all radiative quantities are a function of wavelength. The first term in
equation (4) is the radiance of the sea surface. The graybody assumption is made
so that this quantity can be given by the product of blackbody radiation at the sea
surface temperature and the sea surface emissivity which is assumed constant with
wavelength. However, it is well-known that water in the infrared (2-15tim) exhibits
a rapid decrease in emissivity6 as the angle of incidence is increased above 50 .

A curve fit of measured data and theoretical calculations of unpolarized reflec-
t'ons was made to determine the change in effective sea surface emissivity with
viewing angle. The following equation results':

E = 0.98(1 - (0 - cos o) (5)w

'Kreith, F., "Principles of Heat Transfer," International lextbook Company,
Scranton, PA, Second Edition, p. 210, April 1965

5Hudson, R, 9., Jr,, "Infrared System Engineering," John Wiley and Sons, New York
page 35 (1965)
'Wolfe, W. L., "Handbook of Military Infrared Technology," Office of Naval
Research, Washington, DC, page 167 (1966)
"'Fleet Signature Computer Model Program Manual," Op. Cit., p. 5-1
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where u is the angle between the line-of-sigft from the target to the detector and
the normal to the sea surface facets. The dl,termination of sea surface emissivity
depends on knowledge of sea waves to predict the angle of the sea surface facets.
Surface waves may reflect light from the sk) over a wide range of angles. However,
Hulburt 6 concluded from his data that the l'hght reflected by a "breezy sea" comes
mainly from a region of the sky that is 250 to 350 above the horizon. Hence, it
was concluded that for wind velocities between 5 and 25 knots, the sea facets at
the horizon can be represented by smooth water tilted 150 towards the observer.
For water surfaces before the horizon the average tilt angle must be reduced to
account for negative wave slopes, i.e., waves tilted away from the detector but of
sufficiently small slope to allow light to be reflected towards the detector. Ex-
perimental data was used to conclude that this reduction in wave slope could be
given by half the target-detector elevation angle. The target detector elevation
angle is given as 900 minus the target zenith angle, Zp. The target zenith angle
is the angle pe.rpendicular to the sea at the ship and the line-of-sight to the
detector. The angles which determine the effective sea surface emissivity are
shown in Figure 1.

4I

ODETECTOR

S TARGET _

TARGET AT HORIZON / TARGET BEFORE HORIZON

0 - .5 TOEARTH'S 0 - 150 -Y9,
0 . )

- o CENTER TOEARTHS - 30 - Z.
0 - 75°  CENTER 0- .p-0

" 0.761 > 0.761

Figure 1. A gles Determinin9 Effective Sea Surface E-missivity

The second term in equation (4) is the radiance reflected by the sea surface
facets towards the detector. The sky radiance, Ns, depends on the amount of cloud
cover. Hence, it is assumed that sky radiance is composed on the average of a
portion from the sky which is clear and a portion from sky that is cloud covered.
This is expressed in equation (6) as follows,

S(I- f) N + f Sa (6)

"Hulburt, E. 0., "The Polarization of Light at Sea," J. Opt. Soc. Am., Vol. 24

A
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where all radiative quantities are a function of wavelengths. The fractional part
of clear sky, f, is relatable to the cloud cover which is included in meteorologi-
cal data. The cloudy sky radiance, Nc, is composed of two parts. The first part
is the emission of the cloud, Rc, taken to be a blackbody at the air temperature at
the cloud height. This radiance is attenuated by the atmospheric transmission, Ua,
of the path between the clouds and the target. The second part is the spectral
radiance, Sc, of the atmosphere contained in the path between the clouds and the
target. Thus, the cloudy sky radiance, Nc, is the sum Rc Ua + Sc. The clear sky
radiative emission, Sa, is the spectrdl radiance of the atmosphere in a clear path
from the target to the top of the atmosphere. The height of the clear sky isI arbitrarily taken to be 30 km in calculating clear-. kf radiance. The empirical

result that most of the sky radiance from a reflecting sea surface comes from a
region about 30, above the horizon is used to locate sky radiance. It is assumed
that sky radiance is reflezted from wave facets at the sea surface which are

inclined 15: from the horizontal. This wave slope was modified slightly for targets
before the horizon as previously explained. A graphical d:!cription of the com-
ponents of sea surface radiance is given in Figure 2.

CLOUDS, FRACTION - I - F

CLEAR SKY
FRACTION -F

N KMUa DETECTOR

Fi ;ure 2. Composition of Sea Surface or Background Radiance

A general equation for the sky reflection angle which takes wave slope into
account is derived in the references.' The average sky radiance, defined in

"Fleet Signature Computer Model Program Manual," Op. Cit., p 4-7 to 4-10

10
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equation (6) generally requires a radiance calculation along two paths of different
lengths but similar direction. The general equation for the apparent spectral
radiance observed from one end of a column of atmospheric gases is given by the
following equation.

S Ua. R a dk (7)

This integration is more complicated over paths of changing altitude since all three
terms in the integrand vary with altitude, The integral was simplified by a trans-
formation of variables to radiance as the independent variable" . The new integral
was solved numerically using Guass's quadrature formula in the fifth degree. This
formulation requires that air radiance (a blackbody at air temperature) be calcu-
lated at five altitudes. In calculating air radiance, the following relationship
between air temperature and altitude was assumed.

H. II km T a To -72 ('F)a (8)
H 11 km T To- 72. HIll II F)a

The spectral radiances defined by equations (2)-(7) were calculated at
equally spaced wavelength intervals (.%.l - 0.41.m) in the 8-1Z.m region. They were

then converted to a band average radiance by simply multiplying by the wavelength
interval and summing the spectral quantities.

The optical transmissions along the appropriate air paths are needed in the
computation of both clear and cloudy sky radiances. In the 8-12im waveband, thermal
radiation is attenuated by discrete absorption lines of water vapor, ozone, and a
combination of ur-iformly mixed gases (CO, CO.o N.0, etc.) and by a continuum
absorption due to water vapor. Additional energy is absorbed by naturally occurring
aerosols which are introduced into the air by continental and surface sources. The
present work updated the existing ship signature codes by improving the calculation
of atmospheric transmission in the 8-12,m rcgion. Transmission assocaited with
molecular absorption due to water vapor, ozone and uniformly mixed gases were cal-
culated using tables of absorption coefficient versus waverumber taken from the
LOWTRAN III Computer Code'. Water vapor continuum absorption was calculated from
an empirical law' derived for the newer II1-b version of LOWTRAN. The reduction
in transmission due to the presence of aerosols was recently modeled" by combining
predictions of marine and continental aerosol particle distributions. The total
transmission for a given wavelength is the product of the above individual trans-
missions.

Ibid. p. 4-2
"Selby, J. E. and McClatchey, R. A., 'Atmospheric Transmittance from 0.25 to 28.5tim:
Computer Code LOWTAN 3," Air Force Cambridge Res. Lab., AFCRL-TR-75-0255, May 1975

" Selby, J. E., et. al., "Atmospheric Transmittance from 0.25 to 28.5pm: Supplement
LOWTRAH 38 (1976)," Air Force Geophysics Lab., AFGL-TR-76-0258, November 1976

" Katz, B. S. and Hepfer, K., "Electro-optics Systems Performance in Selected Marine
Environments," Proc. of AGARD Symp. Model. Aerospace Prop. Envir., Ottawa, Canada,
April 1978

i4
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III. HEAT TRANSFER RATES USED IN SINGLE ELEMENT IKTHOD
Ship signatures are defined in this report to be the contrast temperature dif-

ference between the ship and its infrared background. This section will present
methods of calculiting the heat transfer rates which produce the temperatures of
the Single Element Method. The Single Element Method consists of calculating the
temperature in a single element which represents a ship and applying three cor-
rection factors to account for differences between the element and the ship. The
basic thermal model of this method for predictions of this report is a single
vertical plate of unit surface area. This element is heated by solar energy and by
internal heat sources such as the power plant or auxiliary machinery. The element
is cooled by air flow due to ship and wind motion and by occasional rainfall.

Solar heating is the largest heating rate and is important because it dominates
ship temperatures during the day and may influence these temperatures for several
hours after sunset. The total solar heat load incident on a given surface is the
sum of direct and diffuse solar energy multiplied by the solar absorptivity of its
surface coating. The small amount of reflected solar energy due to the albedo of
the sea will be neglected. Direct solar radiance is simply the solar constant or
solar radiation received outside the atmosphere (1350 watts/m) multiplied by the
transmittance of solar energy in traversing the atmosphere, i.e.,

--o v 350 ut (9)
The total transmission, Ut, consists of 4 components which account for, (1) absorp-

tion of water vapor, (2) molecular scattering, (3) aerosol scattering, and (4) the
masking of solar rays by clouds. Equations for these components are given in the
references,'. The diffuse or indirect solar radiance is due to the aerosol and
molecular scattering of direct solar radiation out of the line-of-sight between the
sun and a surface on the earth. It is assumed that half of what is scattered
eventually reaches this surface on the average. From this assumption, the following
equation for diffuse solar radiance is derived.

Qf - Qo (1- Ums + Uas)/2) (10)

The amount of direct or diffuse solar energy that impinges on a surface depends
on the angular relationship between the line-of-sight from surface to sun. This
relationship is different for direct and diffuse radiance but both depend on the
position of the sun relative to the earth. The sun's location relative to the earth

'"Fleet Signature Computer Model Program Manual," Op. Cit., p. 6-2, 6-3

12
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is described by the sun's zenith and azimuth angles. The sun's zenith is defined
relative to a perpendicular to the earth's surface and its azimuth is defined
relative to North. The following equations define the solar zenith and azimuth
angles".

cos z = (sin c)(sin d)+ (cos c)(cos d)(cos b) (11)

cos Az z Lcos c)(sin d)- (cos d)(sin c)(os bj (12)
(sin z)

In these equations, the solar declension, d, is a function of time of the year and
the hour angle, b, is 150 for every hour of time away from either side of solar
noon. Once the sun has been located, it is only an exercise in geometry to find
the direct solar radiance which is given by the component of sunshine normal to
the surface. Figure 3 shows the geometrical considerations in determing the normal
compoient of sunshine for a vertical element.

VERTICAL

VERT.
SURF.j

I M

~-r

SHIP

, v HORIZONTAL PLANE

Figure 3. Determination of Direct Solar Radiance on a Vertical Surface

"Threlkeld, J. L., "Thermal Environmental Engineering," Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey, p. 319 (1962)

13
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The following equation for direct solar radiance on a vertical element repre-
senting a ship of heading, M is derived following Figure 3.

Q + Qo • sin z • cos(M - 900 - Az) (13)

In iquation (13), +90' is used for the portside and -90 for the starboard side ofthe ship. The heading M is measured clockwise (eastward) from north (heading is
shown counterclockwise in Figure 3 to avoid cluttering).

The diffuse component of solar radiance is incident on a surface from all
directions and is found by integrating the dot product of the surface normal and a
distribution function for the intenstiy of diffuse energy. The following result
was dervied*

Q j _ + 2. sin z - cos iM t 90- Az!) (14)

Here, +"' is for a portside element and -90 for a starboard element in agreement
with eL,,ation (13). In summary, the total solar energy on a vertical surface is
given by the following equation

Qs = a(Qd+Qi) (15)

Heating due to internal sources is described by providing the internal tempera-
ture and a convective heat transfer coefficient for each compartment of the ship.
These temperatures and coefficients are found in ship design specifications and
typical values are chosen for use in the single element method.

Convective cooling rates due to air flow over the ship are generally lower
than those due to rainfall but are more important because they always contribute to
the ship temperature calculated using weather data. Cooling due to wind is de-
scribed by a convective coefficient which was derived from measurements made on
ships at sea. The following equation results for vertical surfaces*

ha = 3.56 V0. 6  (16)

Here, V is the relative wind speed which is the vector sum of the wind velocity
vector (found in weather data) and the ships speed and heading vector.

Cooling rates for rainfall are also described by a convective coefficient
which was derived for this work using boundary layer analysis. Before proceeding
with this analysis, it is necessary to classify rain conditions based on the rate
of rainfall. Light rain was defined to be 0.1 In/hr or less and heavy rain 0.3
in/hr or greater in reference". The boundary layer analysis was done for each
of these rain rates in the following manner, first, it was assumed that these rain

*This equation was derived by Mr. D. Friedman of the Naval Research Laboratory who
pro:ided much of the analysis going into the Ship Signature Computer Codes pre-
vioasly mentioned.
"*This equation also provided by Mr. D. Friedman
16"Visible and Infrared Transmission Through Clouds, Fog, and Rain," Raytheon Missile
Systems Div., BR-4029, December 30, 1966

14
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rates fall onto and flow along a 3-foot-wide deck and collects on its edge. This
forms the initial conditions to a laminar flow boundary layer computer program

1 7

which calculates the velocity profile for water flowing down a vertical plate. An
average velocity is found from the fully-developed velocity profile and this is
used to compute an average convective coefficient'. In these calculations the
ship side was taken to be 10 feet in height, Coefficients were found for the
maximum light rain and minimum heavy rain conditions assumed above. The minimum
heavy rain coefficient was increased 1014and the maximum light rain coefficient was
decreased 101 to realize coefficients for representative light and heavy rain. An
intermediate value was chosen as a medium rain condition. Many weather conditions
occur as drizzle which have less rainfall than light rain, Convective coefficients
for drizzles are provided by assuming these are 15' of the corresponding rain
values. This arbitrary assumption is based on the fact that free convective
coefficients are generally 10..20% of forced convective oefficients. The following
table presents the rain coefficients derived for this work.

Table 1. Convective Cooling Coefficients for Rain Falling on a Vertical Element

Intensity Drizzle Rain

Light 12 watts/mr-,C 80 watts/m -OC

Medium 20 " 135

Heavy 30 200

A
i "i

'Wilson, D. M. and Katz, B. S., "The Use of Water Cooling for Protection Against
Thermal Radiation from a Nuclear Weapon Detonation," NOLTR 74,59, 23 Apr 1974

S Kreith, K., Op. Cit., p. 296
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IV. SINGLE ELEMENT METHOD FOR CALCULATION OF SHIP TEMPERATURE

Equations (9)-(16) for heat transfer rates will be used in the Single Element H
Method to calculate the average temperature of a target ship. In this section, the
basic temperature equation and the equations for the 3 correction factors which

define this method will be developed. The Single Element Method will be applied to
a specific ship, the U.S. Navy Patrol Frigate, and used with weather ship data to
calculate contrast temperature differences.

The Single Element Method breaks a ship into sections having common internal
temperatures and subsequently into sections having common thermal capacity of outer
walls. A basic thermal element is chosen to be a vertical element of unit surface
area and the lowest internal temperature, Tnmin, and lowest thermal capacity, Wmin,
of all ship sections. The basic element temperature is calculated and correction
factors are derived from the differences of the remaining sections. Correction
factors account for the variations in internal temperature and thermal capacity and
for the presence of a hot stack. An equation describing the temperature of the
basic clement is found from a heat balance on this element. This balance, which
equates the heat stored in the element to the net heat transferred to it, is given
by equation (17).

Wmin O = Qs- ha(T -Ta) -hr(T- Ta) - hi(T- Tnmin) (17)

Here, Wmin is the thermal capacity of the basic element which is the product of its
density, specific heat, and thickness. Heat conduction rates are not present in
equation (17) because the basic element is thermally-thin, i.e,, heat is assumed to
be uniformly distributed from its front to its rear surface. Also, it is assumed
that each section is thermally isolated from its neighbors, i.e., there is no thermal
conductioi between adjacent elements.

Equation (17) is solved for the basic element temperature by first replacing
the derivative, dT/d: by its finite difference equivalent, ,'.T/;. Here, AT is the
change in element temperature from an initial value, To, to a final value, Tb, which
results after a time interval, 'J. The following non-dimernsinal parameters are
defined for convenience.

HA = ha. .. (18)

hr .HR = hr. (19)

HI hi. _ (20)
~W

16
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A final grouping of variables has the dimensions of temperature.

QS (21)

The basic element temperature is found by solving equation (17) using the definitions
expressed in equations (18)-(21). The result is

Tb = To_+QS +(HA+HR)Ta +HI - Tn (22)
1 +HA+HR+HI

Equation (22) is an equation for the stepwise numerical computation of the basic
element temperature. That is, this temperature is found from a starting temperature,
Tc, a time interval,,'.-, and weather data from which the heat transfer rates appearing
in equations (18)-(21) can be calculated. The computed temperature, Tb, then
becomes the starting temperature for a subsequent calculation based on equation (22)
and weather data for the succeeding time interval. Equation (22) provides a stable
calculation of temperature regardless of choice of time step. This result was not
achieved in the previous ship signature computer programs where a time step of 1/16
hour was typically chosen to avoid stability problems.

The temperature correction factor to account for the different internal tem-
peratures found throughout the ship is developed by subdividing a side of the ship
into sections having conmon internal temperatures. The side of the ship chosen
corresponds to the signature while viewing that side. Next, the average or overall
ship temperature is the average temperature of all of these sections which have
different internai temperatures. This fact is expressed by the following equatior.

T = A;T1 +A.T. + " AmTm (23)

Here, A, is the area fraction or fraction of the total visible ship surface area
which has a temperature, T due to the first internal temperature, Tni. A is the
fraction of visible surface having a temperature T; due to the next internal
temperature, Tn:, and so forth for a total of m such sections. The sum of the area
fractions, A, +A.+. --- Am , is 1.0 hence the denominator of equation (22) was
included for clarity only. These sections are identical except for their area and
internal temperatures hence their individual temperatures can be calculated by
equation (22). Equation (22) for calculation of overall section temperature is
rewritten below in a form which isolates the internal temperature effect which is to
be studied, i.e., let,

Tj = D+E- Tn (24)
J

where
T+ S+ (HA + HR)Ta (5

D -IH+ H (25)

E HI (26)
1 + HT H

and j is an index running from I tc m (m is the total number of sections). Now,

17



NSWC/WOL TR 78-187

when equation (24) is substituted in equation (23) for the section temperatures,
these are eliminated and the average ship temperature is derived in terms of inter-
nal temperatures.

T D D+I Tn + A E(Tn -Tn,)+ --- AE(Tn Tni )  (27)

basic temperature correction factor
element for internal temperature variation

tempera ture

Equation (27) was designed to divide into a basic element temperature plus some
terms depending on area fractions and internal temperature differences of the
various ship sections. The first two terms define the average temperature of the
entire ship (area fraction = 1.0) if it had internal temperature, TnI, which is
the lowest internal temperature. The remaining terms represent the temperature
correction factor for internal temperature variations. An illustration of the cal-
culation of this correction factor will be given "ater for the Patrol Frigate.

The temperature correction factor to account for the different thermal capa-
cities, W, of o~itside ship walls are developed in a similar manner but independently
of the internal temperature correction method. First, the siae of the ship in view
is subdivided into ? number of sections each having a different thermal capacity.
Each of these sections will have a common internal temperature which is the value
of the section which has the lowest interni temperature. The averagn or overall
ship temperature for this situation is epressed by the following equation.

T + B.T:B T + B T (28)
pp

Here. B. is the area fraction having thermal capacity W: which results in the over-
all section temperature T.. B is the fraction of visible area having temperature
T. due to thermal capacity, W , and so forth for a total of p such sections. The
individual temperature' for each of these sections is also given by equation (22).
Equation (22) is rewritten below in a form which isolates the thermal capacity
effect to be studied, 4.e., let

To + F. Vi(Tj - Y-."-G - (29)

where

Vj - (30)Wj =4

F Qs 4 (ha + hr)Ta + hi Tn min (31)

G = ha + hr + hi (32)

and j is an index running from I to p (p is the total number of sections). Now, if
equation (29) is substituted into equation (28) for the section temperatures, these
are eliminated and tne following equation in terms of variable thermal capacity
results.

4.



NSWC/WOL TR 78-187

T To + V F basic element
I +VG + temperature

._(V" V)(F-_G. To-, + . B ' (Vp- V,)(F-G. Tol, temperature cor- (33)
+G+VGV,.( (V+V.I+-- + VVpG2  rection factor for

thermal capacity
variation

Equation (33) was also designed to divide into a basic elemeat temperature plus
terms representing the temperature correction factor for thermal capacity variations
of the remaining sections. The basic element temperature is the average temperature
of the entire ship if it had the thermal capacity function V1. V, represents the
lowest thermal capacity found on ship sections. The temperature correction factors
for internal temperature variations [equation (22) 1 and for thermal capacity
variations (equation (33) 1 were developed independently of each other but both will
be added to the basic element temperature to find the overall ship temperature.
The justification for doing this is that each correction is small compared to the
basic element temperature hence no appreciable error should result when internal
temperature and thermal capacities different from basic element values exist
simultaneously on some sections. The size of these correction factors will be
estimated later for the Patrol Frigate.

The temperature correction factor to account for the presence of one or more
hot stacks is developed using the same procedure as in the preceding correction
factors. First, the overall ship temperature is taken to be the area fraction
multiplied by the overall temperature of the ship without stacks plus a contribution
consisting of the area fraction multiplied by the overall temperature of each stack.
This first temperature is taken to be the basic element temperature [see equation
(22)' . The overall ship temperature is given in the following convenient form by
eliminating the area fraction of the ship without stacks from a preceding equation
similar to equation (28)

T Tb + C(T, - Tb) + C(T; - Tb) + ---- Cq(Tq- Tb) (34)

'ere, Tb is the basic element temperature for an area fraction of 1.0 and TI, T;,
etr., are average stack temperatures at stack area fractions C1, C., etc., for a
total of q stacks, The average temperature of stacks is given by equation (22)
with the important difference that these elements have a high internal heat trans-
fer rate, hk, and a high internal temperature, Tk, replacing hi and Tnmin of the
basic element. This requires that the internal heating parameter, HI isee equation
(20)1 be replaced by the stack heating parameter, HK, which is defined as follows:

HK (3S)
W

The internal temperature, Tn, in equation (22) is replaced by the temperature, TK,
which is the average temperature of flue gases leaving the stack. A temperature
correction factor for stack presence can be derived by substituting equation (22)
with stack modifications into equation (34) for each stack present. This results
in a complex cumbersome equation for stack correction which can be simplified by
making the following assumptions. These are: (1) the thermal capacity difference
between the stack and basic element is neglected; (2) terms involving the internal
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heat transfer coefficient, hi, will be neglected in expressions involving terms
containing the stack heating coefficient, hK; and (3) product terms containing hi
will be neglected in expressions vhich also have product terms containing hK. These
assumptions were justified by calculations based on the Patrol Frigate. Using these
assumptions, the following equation for the average ship temperature including the
presence of stacks is derived.

(HC +HR +1)(TKI -Ta) - s,

T Tb + C I HK L( H R . . . . .

(HC +HR +1)(TK, -Ta)- s (
q' K q-(- + ) H C + HR +HK }  (36)

A final simplification can be made which will allow the stack effect to be rapidly
estimated. This is that the contribution to stack temperature by solar heating is
likely to be small in comparison to the heat transferred by stack gases. In this
case, the solar heating parameter, QS, can be neglected in equation (36) which
reduces to the following

HK( Tk - Ta) (T b 4 C' "(qC +HR+H, (37)

Equation (37) is the estimated average temperature of a ship having one stack or
several identical stacks and it can be used to initially judge what effect the
stacks will have on the total ship signature. The stack correction factor considers
the effect of stack gas heating but does not consider the signature contribution of
the hot gases (plume) leaving the stack. This is justified in the present work
for SEAFIRE systems which operate in the 8-12,.m waveband where radiance from the
predominately carbon dioxide gas in the exhaust plume is rapidly absorbed by the
atmosphere. A system operating in the 3-5.m waveband would receiveradiance from
the plume and this would have to be included in the stack correction factor for
completeness.

The correction factors for internal temperature differences, th.,rmal capacity
differences and for the presence of stacks are given in equations (2 ), (33). and
(36), respectively, along with the basic element temperature, Tb. The single

element method for calculating ship temperature consists of taking the average ship
temperature to be the basic element temperature, Tb, plus the sum of the 3
correction factors. The basic element temperature is the average temperature of a
given plane view of a ship if its entire surface area had the lowest internal
temperature and lowest thermal capacity of all Tajor sections of the ship. It
should be remembered that an average ship temperature is meaningful in ship sig-
nature work only if no hot spots dominate the signature. It will be shown later
using the Patrol Frigate Model that internal temperature and thermal capacity
differences do not dominate the average temperature calculation. However, large
stack internal heat transfer coefficients and high stack gas temperatures do have
the potential of contributing as much or rore to the signature as the remaining
ship for stacks of even relatively small surface area. If this is the case, it
makes sense to apply the single element method to tho stack alone and neglect the
remaining ship surface. It also can be applied to the stacks alone for the case
where the mair, body of the ship is obscured by the horizon. The Single Element
Method is applied by using the stack variables in equation (22) while remembering
that the resulting temperature applies to the small stack surface area only. The
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correction factors do not apply in this case. The stack correction is usually
small when signature suppression techniques have been used to cool the exhaust
gases or surrounding 5tack casing. Equation (37) can be used to gauge the stack
contribution by using an average value of 5.0 for the sum, ",C+HR," with a time
step, ,:, of one hour used in the calculation of HK [see equation (35)].

The single element method requires a ship model for the calculation of the
basic element temperature and the 3 correction factors which define the average
ship temperature. A model of the U.S. Navy Patrol Frigate was obtained along with
the SIRS computer code in which this model was used*. This model breaks the ship
into 92 sections and provides the internal tempeature and heat transfer coefficient,
the thermal capacity, emissivity, absorptivity, surface area, and the orientation
of each section. The application of the Patrol Frigate 1odel in the Single Element
Method is given in Appendix A. This appendix shows how the ship is broken into
sections for the casculation of internal temperature, and thermal capacity cor-
rection factors. Also, the stack is analyzed and the size of its correction
factor estimated. The work of Appendix A will later be used with weather ship
data in a computer code to calculate the ship contrast temperatures and their
statistics.

The equations developed ir this section allow the actual ship temperature to
be computed. However, for ship signature work, an effective temperature corres-
ponding to the ship radi-,ce is desired. This temperature is defined as the
temperature that yields the same radiance in a graybody calculation as the target
surface radiance calculated by equation (2). Since sun reflection is neglected
and the apparent background is the air, the effective ship temperature is the
following

TS T + (1 - Cs)Ta (38)

This definition is based on the expectation that the Single Element Method
Temperature, T, and the air temperatire, Ta, are somewhat the same so that the sum
of radiances in Equation (2) is approximately reproduced by the effective ship

temperature. However, the emissivity in the 8-12,.m waveband of Navy Gray paint
used with the Patrol Frigate Model is 0.94, hence the effect of the air temperature
ter- is small,thereby lessening the requirement that it be near the ship temperature.
The problem of representing sum of radiances with sum of temperatures is discussed
in the next section.

*This model, along with the SIRS Computer Program and instructions on its use,

was obtained from Mr. R. Burns of the Naval Ship Research and Development Center
(Annapolis).
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V. CONTRAST TEMPERATURE CALCULATI 0

The effective ship temperature calculated using the Single Element Method is
combined with a background temperature to define the target contrast temperature
that is required in SEAFIRE systems analysis. Ship contrast temperature is based
on the radiometric definition of ship signature given in Equation (1). That is,
the contrast temperature at the target ship is equivalent to the radiant contrast,
Nt -Nb, which appears in Equation (1). The ship contrast temperature is defined to
be the effective ship temperature minus the background temperature as given by the
following equation.

TC -:S - TG (39)

The ship temperature, TS, is the effective temperature which approximately produces
the target turface radiance when used in a blackbody calculation for the 8.12tim
waveband. Background temperature will be similarly defined such that It will
approximately produce the background radiance. The background temperature that is
analogous to the background radiance defined in Equation (4) is given as follows

TG w (.w Tw+ (I- w) .Ty (40)

Here, Tw and Ty are the sea surface temperature and the effective sky temperature
at the appropriate reflection angle. rw is the sea surface emissivity defined in
Equation (5). cw is about 0.24 for viewing one rip from another. Hence, the
backgrbund raaiance and therefore its effective temperature is composed of about
one part water temperature and 3 parts sky temperature. Equation (4) applies to
the case where the target ship is slightly before the horizon so that sky radiation
will be reflected off of the wave slopes. If the ship were on the horizon, the
background would be atmosphere at its sea level temperature. Calculations based on
Weather Ship J data showed that sky temperatures range from about -400C to +100C
while sea temperAtures are close to +1OC. It will be shown that the background
radiance computed from the background temperature of Equation (40) is not
significantly different from the sea surface radiance computed from Equation (4).
This was eche by computing radiances by each method and comparing them for sky
tempera' e,,twen -40*C and 100C and a water temperature of 10 C. The result
of thr,( ;,u'faton which were made for the 8-12um waveband are given in Figure
4.

, 4 showf ,1 maxinvim difference of 5 percent between radiances at -400C

srnd this .r:r e ontif uously decreases as sky temperature increases. It will
br shcsvn lat tht.t sky temperatures loss than -40'C are rarely encountered and
that median ,; temperatures are in the O-5C region for the weathee conditions of
thi, report, ,encu, very little error will result from using equation(40) to
define the background temperature. The above Justification of background tepera-
tuv(, depends on defining a skytemperature. Ty, which will reproduce the sky radiance

Best Available Copy
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Ns, which was defined by Equation (6). This is done in a straight forward manner
below.

Sky temperature is determined directly from a sky radiance calculation. The
sky radiance is composed of clear sky and cloudy sky components whose calculation
was previously outlined. Sky radiance for the b-12y.m vegio: was found by summingthe product of spectral sky radiance given by Equation (6) arid a wavelength in-

crement of O.4;.m for wavelengths separated by 0.4;xi in the 8-12i:m waveband. Sky
temperature is defined to be the temperature which yields this radizice in a black-
body calculation made in a like manner. The relationship between temperature and
radiance for the blackbody in the 8-12 :fm waveband is shown in Figure 5. Sky temperm-
ture could be found by computing the sky radiance and reading the corresponding
temperature from Figure 5 whenever a ship signature is required. The previous
ship signatire codes compute a signature after making a sky radiance calcilation.
However this procedure will not be used here because sky radiance calculation is a
lengthy numerical procedure. This procedure as previously outlined would be pro-
hibitively expensive in computer time for the thousands of contrast temperaturescalculated herein using weather data. Instead, sky radiance will be computed

beforehand and provided in tabular form to a computer code which calculates contrast
temperatures. The development of these tables is described next.

Sky radiance is composed of a clear sky component and a cloudy sky component
which depend on the fraction of clear sky, f, as indicated in Equation (6). The rg
calculation of both of these components require that the atmospheric emission over
the paths shown in Figure 2 be determined. This requires the calculation atmo-
spheric transmission by the methods given previously. The above review is given to
point out that the following inputs are needed in making up the sky radiance tables.
These are: (1) A model atmosphere to specify conditions of the atmosphere above
sea level; (2) cloud heights to determine the length of cloud radiance paths, and
(3) wind speeds which are required in aerosol transmission calculations. The re-
lative humidity is important to transmission due to water vapor and water vapor
continuum hence this variable should influence sky radiance calucation. However,
it was found that specifying a sea level relative humidity has only a very small
effect on sky radiances which are governed by water vapor amounts specified by the ,AI model atmospheres. Hence, relative humidity cannot be included in the sky radiance
tables until a method of relating sea level and higher altitude relative humidities
is developed. Two model atnospheres were chosen in anticipation of the weather
data which will be taken from a representative weather ship. This ship, Weather
Ship J, operated off the coast of Ireland (Latitude 52cN, Longitude 20W) hence

model atmospheres for a midlatitude summer and a midlatitude winter were chosen
from the LOWTRAN transmission work". Five cloud heights and six wind speeds were
chosen to cover the range of expected weather conditions. The clear 5nd cloudy
sky radiances which make up the sky radiance tables are given in Table 2. The
radiances in Table 2 are calculated using a sea level air temperatu,-e of 100C.
This value approximetes the year-round air temperatures observed by Weather Ship J.

A computer program to compute ship contrast terperature was written using the
P.ethods of this report. This program starts with weather ship data an, computes
ship temperature, sky temperature, background temperature and contrast temperature
for many data points. It then computes the probability of occurrence of given
values of temperature for all of these ship signature variables. This program was

4 
1"Selby, R. E. and McClatchey, R. A., Op. Cit.
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designed to analyze large amounts of data economically with respect to computer
running time. For example, six months of hourly weather data is analyzed in 180
seconds of CDC 6500 computer time. This includes calculating and printing data
hourly ind calculating, printing and plotting the statistical data on a monthly
basis.

Table ?. Sky Radia)nce Tbls for Surface Tenperature of 101C.

Cloudy Sky Radiance*Wind Cleari
Spged ...Sk~y' 2 =1 750m 11 1 250n H - 800m Ii - 400m 4 - 150M

0. 16.251 -6.75 7.78 28.86 29.98 30.78

5.0 mlsec !16.46 2:.77 27.80 28.b7 29.98 30,78

10.0 m/sec 17.22 ?6.184 27..84 28.89 29.99 30.78

15.0 m/sec 18.80 27.05 27.9 28.96 30.01 30.78

20.0 rn/sec '23.55 27.94 29.56 ?9.?7 30.11 30.80

130.0 m/sec 31.231 30.97 30.97 30.98 30.98 31.04

(a) Midlatit,.de Summer Modei Atmosphere Sky Radiance

iClear Cloudy Sky Radiance*

.e_ . Sky'" .H 1750 H =H 1250m H =om 4 400m = l SOm

0. 8.75 25.77 27.19 28.57 29.89 30.76

5.0 m/sec 9.12 25.80 27.21 28.58 29.89 30.76

10.0 m/sec 10.44 25.90 27.27 28.61 29.90 30.76

15.0 m/sec 13.13 26.19 27.44 28.69 29.92 30.76

20.0 n/sec 120.74 27.36 28.17 29.05 30.02 30.78

30.0 m/sec 31.22 30.95 30.95 30.97 30.96 31.03

(b) Midlatitude Winter Model Atmosphere Sky Radiance.

*Radiance In watts/m - -C
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VI. RESULTS

Data Format

The ASIRCT Computer Program, described in Appendix B, was run with weather data
from Weather Ship J to compute contrast temperatures using the method of this report.
These temperatures were analyzed statistically to find cumulative probabilities of
occurrence of temperature which was the form required for SEAFIRE systems analysis.
The contrast temperatures reported are for the 8-12,.m region of the infrared since
the SEAFIRE systems as well as most present modular FLIR systems operate in this

4 waveband. Ship, sky and background temperature are the component temperatures
which define the contrast temperatures. These are computed to aid understanding
of contrast temperature results and to tie in the contrast temperature and contrast
radiance definitions of ship signature All calculations were made using the model
of the U.S. Navy Patrol Frigate which is given in Appendix A. It was also shown in
Appendix A that results computed using this model will provide a good approximation
for all similarly constructed ships having cooled stacks. The results of contrast
and component temperatures will be presented for 8 years of Weather Ship J operation.
These temperatures are given primarily for a target ship heading which results in a
maximum contrast (due east or west). However, contrast temperatures for other
headi:ngs will be given and the effect of heading on contrast will be discussed.
This section will also provide the rationale for defining probabilities and results
will be given in terms of these probabilities. A method of relating the ship
contrast temperature and ship radiance signature will also be given. Finally, ship
contrast temperatures will bc given for a background consisting of air at sea level
temperature. This case night be expected for a target ship slightly above the
horizon where there is no reflection from the sea in the background.

finding the cumulative probability of occurrence of all temperatures that are equal

* to or less than a given value. This definition is useful in system studies where
a given system is assumed to be operational at a given contrast temperature. Then,
the probability of system success is equal to the probability that the contrast
temperature is above the critical value. The results are produced by compiling the A
individually computed ship contrast temperatures into a number of standard tempera-
ture values. The standard values are provided in a list of temperatures separated
by a 0.2cC interval between 3.0:C and slightly larger intervals outside this range.
This list can be found in Figure B-2 which is a listing of the ASIRCT computer

program (see TLIST). A computed temperature is compared sequentially to this list
until the first smaller temperature is encountered. The computed temperature is
stored at this list temperature. This process is repeated for many calculated
temperatures until a large number of points have been stored in various positions
on the standard list. A probability density function for ship temperature is
produced by dividing the number in each temperature of the list by the total
number of temperatures stored. The probability that temperature is equal to or
lower than the listed temperature is computed sequentially by use of the probability
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density function starting with the highest temperature. Calculation is continued
until probabilities for all temperatures in the standard list have been computed.
These cumulative probabilities are printed as tables in the computer output for
each of the contrast and component temperatures mentioned in this report. However,
to simplify the presentation of data, temperatures corresponding to standard
probabilities from 0.10 to 0.95 were computed by interpolating the computer printed
tables. The standard probabilities and their corresponding temperatures were also
printed in the computer output and are reproduced in this report.

ShipHeadinnl and Solar Insolation

The ship's heading influences the amount of solar energy absorbed on a vertical
element see Figure 3 and equations (13)-(15)i. It has a significant effect on
daytime signatures since solar heating is a major factor in rasising the bulk ship
temperature .bove its ambient air temperature value. Daytime contrast temperatures
art very important in SEAFIRE systems studies where FUR systems are compared to
television systems for passive daytime operation. Solar insolation is the rate of
heating received at the earth from the sun hence an element aligned perpendicularly
to the line-of-sight to the sun receives the maximum possible heating. The line-
of-sight frori earth to sun also depends on the time of year due to the variation in
the sun's de(lination. Mence, the heating of a slip which is represented by a

vertical eleuent depends on the orientation; of the element with respect to the line-
of-sight to the sun. The maximum solar insolation occurs on June 21 when the sun's
declination is a maximum and minimum insolation occurs on December 21. The sun
rises in the east and traverses the southern sky in a westward direction. Hence, a
ship heading (,ue east will recei.,e maximum or all day direct heating on its star-
board side and a ship heading due west will receive maximum heating on its port-
side. Ships heading d,;c south (starboard) or due north will receive direct solar
heating in the morning and afternoon, respectively, and indirect or diffuse solar
heating the remaining time when its sides are shaded. Ships heading due west
(starboard) or due eas.t (portside) are always shaded hence receive diffuse solar

heating only. These 3 headings for an element on the starboard side, due east,
due south, and due west, which have full, half, and no direct solar heating will
provide the reference headings for this report. The daily incident solar energy on
a starboard vertical element for each of these headings was computed by summing
hourly the direct and indirect heating rates given by equations (13) and (14).
These are shown in Figure 6 for the 52 U longitude of Weather Ship J. Figure 6
shows that a factor of 3 or more difference in daily incident solar energy exists
between the minimum (270 heading) and maximum (90 heading) values. The dip in
solar heating received by the vertical element when solar insolation is a maximum
(June 21) is due to the relatively large angle between the perpendicular of the
element and the line-of-sight to the sun. Contrast temperature calculations given
later will show that solar heating differences are important to daytime contrast
temperatures. However, the bulk of the contrast temperature calculations of this
report are for the heading producing maximum solar heating (900).

Temporal Division of Data

The variation of incident solar heating with time of the year suggests
breaking the year into seasons. Thrce seasons were defined. These are: (1) a
winter season. January. February, November and December having minimum solar
heating; (2) a spring-fall season, March, April, September and October having
intermediate solar heating; and (3) a summer season, May, June, July and August
having maximum solar heating. Solar heating is seen to decrease in Figure 6 over
the summer month for the due east heading due to a loss in angular efficiency caused
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by high solar altitude angles, But, even here there is a characteristic dif-
ference between the summer and spr4ng-fall seasons even though their total solar
heating is about the same. That is, the spring-fall season has higher mid-day
heating due to the better angular alignment between the sun and the vertical
element. It will be shown that this will result in significantly higher daytime
contrast temperatures.

Ship contrast and its component temperatures were computed using data gathered
by Weather Ship J during the years 1964-71. These will initially be presented and
discussed for the due east ship heading and for the 3 seasons defined above.
Subsequentially, representative results will be given for the due south and due
west headings shown in Figure 6. For the due east heading, tables of the standard
probabilities will be given for each temperature, each season, and each of the 8
years. A representative average value of the 8 years will be plotted for each

season and for each temperature.

Effective Ship Temperature Definition

The effective ship temperature is defined to be a thermodynamic measure of the
ship target surface radiance. It is the temperature of a blackbody [equation (3))
that radiates the same amount of energy in the 8-12,.m region as that calculated by
summing the radiation emitted and reflected from components of the ship's structure.
The reflected component is from surrounding air at its sea level temperature. This
effective ship temperature was given by equation (38) in terms of the actual ship
temperature, T, and the apparent background air temperature, Ta. The actual ship
temperature is calculated by the Single Element Method developed in Section 11.

Calculated effected ship temperatures are given in Table 3 for the years 1964-71
and the 3 seasons. Table 3 lists the standard probabilities. For example, a
temperature of 25^C at a probability of 0.90 means that 90 percent of all calculated
temperatures are 25 C or lower. Representative effective ship temperatures are
given in Table 3 and are shown in Figure 7.

In this and in future graphs and tables, representative values are defined to
be the average of the highest and the lowest values of 8 yearly temperatures given
in the tables. Figure 7 indicates that the effective shrp temperatures are
generally highest in the summer and lowest in the winter as might be expected.
However a closer examination of Table 3 shows that some spring-fall temperatures
are higher than their cerresponding summer values. This occurs at higher ship
temperatures which correspond to mid-day hours where spring-fall solar heating
rates are the larger. Also, the fact that more spring-fall temperatures are not
noticeably higher is explained by an analysis of the weather data which shows that

wind speeds are about 15 percent lower in the summer than in the spring-fall. High
wind speeds are especially effective in reducing the high ship temperatures.
Ba c kroundTenmpera tures

The background temperature was defined to be a thermodynamic measure of the
sea surface radiance. The use of the sea su,ace radiarce as the background is a
consequence of the receiver-target geometry chosen for this study, i.e., a ship at
or near the horizon, This background was defined in equation (40) as int'insically
derivable from a mixture of sky and sea radiances. The weather data show that sea
temperature is always within a few degrees centigrade of 10C. But sky temperature
which depends on clood conditions in addition to air temperature varies widely

-'daily and will also depend on season of the year. Sky temperature calculation is
handicapped ty the availability of only two model atmospheres, one for summer and
one for winter. This causes a discontinuity in the clear sky component when going
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from one model to the other. That is, the fidlatitude Winter Model predicts about
-40 C' and the Midlatitude Summer about -201C for the clear sky component of tempera-
ture. Fortunately, it was found that sky temperatures in this report are largely
governed by its cloudy sky component because of the perponderance of cloudy skies
encountered. That is, an analysis of the weather data showed that median cloud
covers are 90 percent or more for each season. Cloudy sky radiances and hence
temperatures are only slightly influenced by choice of model atmosphere because
sea level temaperatures are taken from the weather data and air temperatures supplied
by the model are used for low altitudes only (median cloud heights less than 1 km).
These low altitude air temperatures do not vary much with season. Probabilities
of sky temperatures calculated using the Weather Ship J data are given in Table 4
for the years 1964-71 and the 3 seasons. Representative values of sky temperature
are also shown in Figure 8 for each season.
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Figure 8. Probab'.lity of Observing Reflected Sky Temperature
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Table 4 and Figure 8 show that summer sky temperatures are the warmest and

winter the coldest as was expected. Most of the variation of sky temperature with
season is due to differences in air temperature near sea level because of the low
clouds. This difference is only about 50C between winter and summer seasons. How-
ever, the lower sky temperatures show the influence of some relatively clear skies
and here there is a much larger difference between winter and summer sky temperature.
The spring-fall season contains two months in each model atmosphere hence it has
intermediate sky temperatures in the low temperature region which is influenced by
the choice of model atmosphere.

Background temperatures are computed by adding the sea temperature component
to the sky temperature. These were calculated for a representative year (1966) and
the cumulative statistics are shown in Figure 9 for the 3 seasons. Background
temperatures are not given in the tables because their calculation was not printed
in the ASIRCT computer program output when the 8 years of weather data were run.
The background temperature consists of approximately 1 part sky temperature and 3 A
parts sea temperature for viewing one ship from another. Hence, the background
temperatures have less variability than the sky temperature because sea temperatures
vary little with season. The fact that sea temperatures are warmer in surmer con-
tributes to the larger summer background temperatures.
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0 0.8 - - SUMMER /

(r WINTER
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Figure 9. Representative Probability of Observing Background Temperature
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Ship Signatures - Contrast Temperatures

The ship contrast temperature was defined to be simply the effective ship
temperature minus the background temperature [see equation (39)1. A zero contrast
temperature is associated with zero radiance difference between the ship structure
and the combined air-sea background. Contrast temperatures were computed by the
ASIRT computer program for daytime, nighttime and total time of operation.

Daytime Contrast Temperatures

Daytime contrast temperatures were computed for all daylight hours and for the

mid-day hours between 10 a.m. and 3 p.m. Cumulative probabilities of daytime con-
trast temperatures are given in Table 5 for the years 1964-71 and for the three

seasons. Representative values of daytime contrast temperature which appear in
Table 5 are also plotted in Figure 10 for each season.
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Fioure 10. Probability of Observing Daytime Contrast Temperatures

Figure 10 and Table 5 show that statistically the differences between winter

and summ'er daytime contrast temperatures are not large if the contrast tempera-

tures are less than about 10'C. This closeness can be explained by comparing the

ship temperatures plotted in Figure 9. There, it is seen that the difference
between summer and winter temperatures is )bout the same (within 0.5CC) for 80% ofii I 33
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the time. Thus, the near agrcemint of suir-:er and winter contrast temperatures is
largely a fortuitous combination of 0,-p and background temperatures. It will be
shown that the agreement in contrast temperature is caused by similar early morning
and later afternoon values where solar heating effects are minimized due to the un-
favorable angular position of the sun. The spring-fall daytime contrast tempera-
tures are significantly larger than the other seasons due to the relatively larger
ship temperatures and relatively low background temperatures. That is, the solar
heating is maximized as a consequence of favorable solar altitude angles while the
background radiance and therefore the effective background temperature is reduced
by the smaller probability of cloud cover. High spring-fall and sumer contrast
temperatures are evident in the mid-day calculations. These are given in Tables
6-11 for the hours 10 am. to 3 p.m., the years 1964-71 and the 3 seasons. Repre-
sentative average values are given in each table and these are plotted in Figure 11
for the maximum daytime contrast temperatures and the 3 seasons. The maximum
temperatures are found to occur at I p.m.
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Figure 11. Probability of Observing Maximum Contrast Temperatures

Figure 11 and Tables 6-11 show that the mid-day contrast temperatures are the
highest in the spring-fall season due primarily to the more favorable solar alti-

Z tude angles. However, this data also shows th: the mid-day summer contrast
temperatures are significantly higher than the corresponding winter values. These
higher mid-day contrasts of summer are not obvious in Figure 10 which showed similar
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winter and summer overall daytime contrasts. Hence, it can be concluded that it is
the early morning and later afternoon contrast temperatures which are similar in
winter and summer The mid-day contrast temperatures are the highest temperatures
occuring in Figure 10 and these are seen to be higher in summer. Mid-day contrasts
are significantly larger in surmner than winter due to the relatively larger ship
temperatures. These can be seen in Figure 7 which shows that the difference
between summer and winter ship temperatures increases dramatically for probabilities
greater than 0.8.

Lighttime Contrast Tempratur es

Cumulative probability of contrast temperature for nighttime operation are
given in Table 12 for the years 1964-71 and the 3 seasons. Representative values
of nighttime contrast temperatures appear in Table 12 and are also plotted in Figure
12 for the 3 seasons.
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Figure 12. Probability of Observing Nightt',me Contrast Temperatures

Figure 12 shows that nighttime contrast temperatures are about a factor of 2
lower than daytime values and have less variability between seasons. These facts
show the importance of solar heating in enhancing daytime FUR performance. It may
be surprising that summer nighttime contrasts are generally the lowest. This be-
havior is due to the relatively high summer background temperatures without off-
setting high ship temperatures.

35



NSWCIWOL TR 78-167

TABLE 3 SHIP TEMPERATURE FOR SHIP J(1964.71)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP
.95 17.28 15.99 19.49 17,91 18.88 17.27 19.38 18.98 17.74

..90 14.97 14.30 16.23 15.13 15.54 14.54 15.71 15.48 15.27

.80 l'34 12.90 13.61 13.42 13.36 12.82 13.,.i 13.92 13.37

.70 12.98 12.32 12.71 12.72 12.61 11.92 12-33 13.01 12.47
,60 12.44 11.74 12.02 12 24 12.00 11,19 11.58 12.41 11.82

; .50 11.91 11.18 11.51 11 73 11,48 10.54 10.93 11.82 11.23

.40 11,43 10.66 11.01 11.19 10.96 9.90 10.36 11.27 10.52

.30 10.92 10.17 10.45 10.62 10.46 9.17 9.76 10.64 10.05

.20 10.14 9.66 9.86 10.D4 9.93 8.36 9.15 9.88 9.25

.1 0 9.50 8.97 9.04 9.22 8.87 7.31 8.30 8.84 8.41

WINTER (JAN.. FEB.. NOV.. DEC.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 28.15 30.54 28.35 25.87 28.08 26.92 24.86 28.44 27.70

.90 22.81 24.82 22.68 21.21 22.24 22.4Z) 20.52 23.0 22.67

.80 17.88 18.26 17.64 164 5 1 102 17.61 16.93 17.84 17.36

,70 16.18 15.70 15.66 14 92 15.05 15.52 1S.40 16.70 15.81

.60 14.85 14.72 14.62 13.73 14.42 14.48 14.48 15.62 14.68

50 13.82 13.95 13.60 12.89 13,72 13.69 11.58 14.61 13.75
.40 12.74 13.10 12.68 12 28 12 78 12.96 12.60 13.45 12.87

.30 11.76 12.15 11.87 11,65 11.76 12.02 1 t68 12.25 12.01
.20 10.95 11.34 11.15 11 02 10.66 11.34 !0.79 11.36_ 11.01
.10 9.95 10.25 10.32 9.69 9.32 10.47 9.76 10.26 9.90

~SPRING-FALL (MAR.. APR., SEPT.. OCT)

PROB 1964 1965 1%,b 1967 1968 19e9 1970 1971 REP

.95 26.63 28.38 28.82 27.09 28.41 26.09 25.70 2.68 27.26
.90 22.56 23.53 23,33 22 66 23 47 22. 14 21.77 22.67 22.65
.80 18.12 19.49 18.89 18.41 19.28 17.85 17.83 18.75 18.66
.70 16.91 17.38 17,07 16.55 17.46 15.86 16.51 17.11 16.62
.e0 16.88 16.13 15.89 15.53 16.49 15.13 15.50 15.9 15.81
.50 15.30 15.55 15.14 14.87 15 51 14.55 14.72 15.37 15.06
.40 14.67 15.0 14.41 14.34 14.44 14.01 14.02 14.66 14.64

.30 13.95 14.34 13.61 13.74 13.46 13.42 13.34 13.77 13.94

.20 12.87 13.5 12.70 13.02 12 65 12.74 12.58 12.78 1 Z.06

.10 11.58 12.58 11.62 11.31 11.77 11.71 11.54 11.77 11.95

,; SUMMER (MAY, JUNE, JULY, AUG.)
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j ,.ta exhibit large amounts of cloud cr r which effects both the daytime ship
temperatures and all background temperz jres. Hence, these contrast temperatures
mey show more variation with season in a more cloud-free location.

It was previously stated that target ship heading controls the contrast
temperature of a ship target because its solar heating depends on its heading.
Further, Figure 6 defined 3 basic headings depending on whether the vertical el,'ent
receives direct solar heat all, one-half or none of the time. The ASIRCT computer
program was run for the 3 basic headings and a representative year (1966). It was
found that the daytime contrast temperatures are very sensitive to heading due to
the great differences in incident solar heating as shown in Figure 6. These are

shown in Figure 14 for the 3 seasons. Figure 14 shows that there is about a factor
of 2 difference in daytime contrast temperature between a due east (90') and a due
west (270-) heading for the starboard vertical element. Also, the coincidence of
some winter and sudnier daytime contrast temperature observed in Figure 10 for the
due east heading is not present ip the remaining headings. Daytime contrast tem-
peratures for the due south and d.je west headings show spring-fall values are the
largest in agreement with the results found for the due east heading. This result
remains true due to the relatively lower background temperatures calculated in the
spring-fall season (see Figure 9). The maximum (I p.m.) contrast temperatures show
an even greater dependence on heading than the overall daytime contrasts. Here,
tne due south heading has maximum contrast temperatures which are about 40% of the
due east heading when, probabilities of observing contrast temperatures or less are
compared. This drops to about 30% for comparing due west to the due east heading.
The night contrast temperatures are nearly the same for the various headings
although the due east contrasts are slightly higher (e.g., 0.25-0.50 C) due to the
lasting effect of solar heating. An interesting observation is that the daytime
Contrast temperatu es for the due west heading are nearly equal to the nighttime
contrast temperaturEs seen in Figure 12 and Table 12. Thus, the relatively low,
totally diffuse so'ar energy -eceived in this heading and at tiis location is almost
totally ineffective in building daytime contrast temperatures.

Signatures with Air Backg.rounds

The previously given contrast temperatures calculations assume that the back-
ground of the target ship consist of radiant emission from the sea and reflected
radiance from the sky and off of the sea surface wave slopes. In this background
r--del. the target must be s'ightly before the horizon so that no radiance from an
air path along the line-of-sight to the target but behind it appears in the back-
qround. If part of the ship is above the horizon, radiance from this air path will
contribute to tne background. Contrast temperatures were calculated for backgrounds
consistinn of sea level air temperature only. This is the limiting case where the
target ship is at or slightly over horizon and no sea emission or sky reflection
reaches the infrared detector. In the general case of a ship near the horizon, the
background radiance will be generally less than the all air emission but greater
than the all sea emission plus sky reflection case. This is due to the fact that
the apparent temperature of the sky is sometimes quite cold (see Figure 8) and is
always less than the sea level air temperature.

Contrast temperatures for backgrounds consisting of sea level air are given in
Figure 15. Figure 15 presents the night, day and total contrast temperature for
each of the three seasons and weather data taken by Ship J in 1966. This figura
shows much smaller shio contrast temperatures in comparison with those having a sea
surface background (see Figures 10-13). Night contrast temperatures are especially
reduced and do not vary significantly with season. lhttime contrasts are low
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Total Contrast Teperature

The daytime and nighttime contrast temperatures were combined to yield total
contrast temperatures based on 24 hours a day operation. These are given in Table
13 for the years 1964-71 and the 3 seasons. Representative average values farom
Table 13 are shown in Figure 12 for the 3 seasons.
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Fiqt.re 11. Probability of Observing Total Contrast Temperatures

kFigure and Table 13 show that the total contrast temperatures do not vary
signilicantly with season. This is understandable from the previous results where
it was shown that only the mid-day contrast temperatures show large seaonsal dif-
ferences due primarily to differences in received solar heating. Since the mid-
day hours occur only 251 of each day, their effect is largely lost in the cumulative
distributions of Figure 13. However, it should be remembered that the Weather Ship
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because they are governed by the difference between ambient air and background
temperatures. That is, the ship temperatures increase due to internal sources
generally contribute only slightly to night contrast temperatures (see Appendix A).
However, in the present case of air backgrounds, internal sources are a major
contributor to night contrast temperature. Day contrasts are somewhat reduced for
the air background but spring-fall values are the highest as they were for a sea
surface background (see Figure 10). This also occurs because spring-fall ship
temperature are about the same as those of summer (see Table 3) but background
temperatures are lower due to the colder season. The total contrast temperatures
of Figure 15 show lower winter values due to the much lower winter ship temperatures.
This behavior did not occur with sea surface backgrounds because these have
relatively lower background temperatures than the present case (see Figure 9).

S inle Element Method

The results of contrast temperature calculations presented in Figures 7-13 and
Tables 3-13 were based on the Patrol Frigate Model discussed in Appendix A. This
model treats the ship as a single vertical element and applies three correction
factors. These corrections account for: (1) variations in ship internal tempera-
tures; (2) variations in thermal capacities of ship construction; and (3) the
presence of one or more exhaust stacks. It was shown in Appendix A that the
individual correction factors are likely to be small for a ship having a cooled
stack. The implication of the correction factors being small is that the features
calculated using the Patrol Frigate Model would approximately apply to any similarly
constructed ship. To judge the influence of ship model on contrast temperature,
the 3 correction factors used in the Single Element Method were sunned and
statistically analyzed. That is, the probability of occurrence of the sum was
computed for each of the seasons in the 1964-71 time period. These were found to
be remarkably similar for each season and for each year. The 1966 spring-fall
season was -hosen as representative and the sum of the correction factors is
plotted in Finure 16 for this season.

Figure 16 hows that the total temperature correction factor is rarely above
1.O*C and has a median value of almost 0.5 C. An examination of the ship tempera-
tures given in Table 3 for 8 years of weather data shows that the variation in ship
temperature between years is corronly greater than I.O'C. Furthermore, the tem-
perature additions shown in Figure 15 are small compared to the total temperature
rises above ambient (8-1OC) shown in Table 3. Hence, it is concluded that the
choice of ship model is not critical and that the results predicted herein apply 4

to all similarly constructed ships. However, note that these results use a cooled
stack and this conclusion would not hold for a model containing a hot stack.

The work of this report is directed towards finding the target contrast sig-
nature that exists at the ship target. This ship target signature is useful in
system studies which define system performance from a target contrast temperature
such as those performed for the SEAFIRE Program. However, for many other purposes
the signal power definition of ship signature is needed. The signal power is
defined in equation (1) and this yields the radiant power received which is useful
in providing a signal to an infrared system. A consideration of the apparent
signal requires that the attentuation of radiance and the emission over air path
between the detector and the target be known. Attenuation due to the response of

, the detector must also be known. Both of these are outside the scope of the present
work. However, it is possible to relate the contrast temperature of this work to
the radiant contrast which exists at the target. Target radiant contrast is simply
the difference between target surface radiance and background radiance integrated
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TABLE 4 SKY TEMPERATURE FOR SHIP J(1964-71)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 10.76 10.06 10.24 10.55 10.90 9.48 10.56 10.81 10.15

.90 9.88 8.83 9 13 9.82 9.98 8.18 9.43 9.78 9.03

.80 8,39 7.22 7.62 7.99 7.61 5.97 6.89 8.33 7.81
,70 7.02 5 78 6.06 6.38 5.35 4.03 4.65 6.64 5.53
.60 5.52 3.80 4 58 460 3.35 1.90 2.76 5.00 3.71

.50 3.63 2 11 280 2.37 1.39 - .07 .81 2.90 1.78

.40 1 11 - 93 70 ,07 -1.54 -3.11 - 2.30 .49 - 1.00

.30 - 4.26 - 694 - 3.19 - 4.68 -- 7.15 -773 - 8.67 - 3.09 -5.88

.20 -12 71 -13 29 --991 -11.52 -14,61 -14.39 -15.52 - 8.92 -12.22

10 -22.83 -2296 -18,26 -20.72 -23.66 -22.71 -2840 -18.34 -23.33

WINTER (JAN., FEB. NOV,. DEC.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 13,44 12 14 11 75 11.80 11 70 12.64 12.89 14.44 13.10

.90 11,88 1083 10.38 10.42 10.49 11.73 11.55 13.52 11.95

.80 9.46 9.55 8.87 8.67 8.62 9.64 9.68 10.48 9.55
70 7 69 7 95 7.50 6.97 6,78 8.25 7.62 8.37 7.58
60 592 6.04 584 544 4.93 6.41 577 6.17 5.67

.50 3.37 3 84 3 92 3 76 3,06 4 12 3.26 3.62 3.59
40 47 1.53 101 1 73 79 1 09 43 1.04 1.08
30 --3.55 - 275 -285 -156 - 285 -353 3.49 - 2.52 - 2.56

.20 -9.87 - 785 848 -657 - 6.82 -946 - 995 - 7.69 - 8.26

.10 -178S -1441 --1550 -1522 -15,03 -18.78 .-17.44 -14.58 -16.60

SPRING FALL (MAR . APR . SEPT . OCT )

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 13.64 13 15 13.40 1331 13.20 1300 14.21 14,16 13.61

90 12.85 12,38 1266 1247 11 66 12.47 12.86 13.13 12.40
-- 80 11.57 11 08 11.51 10.98 10.07 11.26 11,56 11.39 10,82

.70 10 18 958 10 17 954 8.65 961 10.33 1005 9.49,;

.60 905 801 889 796 7.33 788 9.31 8.95 8.32

50 7 79 6,52 7 B8 676 5.96 6.46 kl.14 7.37 7.05
40 633 4.66 6 15 525 4.39 4.64 687 5.52 5.63
.30 4 18 1.66 387 3.44 1.23 2.07 5.27 2.88 3.25
20 - 1.56 - 240 - 129 - 76 -3,02 -- 3.38 2.43 -. 74 -. 48
10 - 7.84 - 772 -786 -.6.71 -8.07 -8.78 -4.70 -6.09 -6.74

SUMMER (MAY. JUNE, JULY, AUG.)
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TABLE 5 DAY CONTRAST TEMPERATURE FOR SHIP J(1964.71)

PROB 1964 1965 1966 1967 1966 1969 1970 1971 REP
.95 16.87 13.52 18.78 17.56 19.23 18.48 18.71 18.51 16.16
.90 12.45 10.41 14.24 13.66 15.31 13.15 14.46 13.01 12.86
.80 8.34 7.69 10.04 9.18 10.76 8.54 10.55 9.09 9.12
.70 6.29 5.89 7.58 7.27 7.84 6.23 8.01 6.86 6.96
.60 4.97 4.92 5.86 5.87 6.10 4.94 5.92 5.38 6.51
.50 3.81 3.69 4.30 4.44 4.75 3.81 4.54 3.94 4.22
.40 2.86 2.89 3.03 3.44 3.47 2.93 3.36 2.90 3.18
.30 207 2.10 2.17 2.67 2.26 1.98 2.41 2.19 2.33
.20 1.36 1.33 1.50 1.96 1.41 1.06 1.45 1.32 1.61
10 .57 .39 .39 1.01 .33 .01 .28 .31 .52

WINTER (JAN.. FEB., NOV.. DEC.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

95 26.85 27.95 25.82 2441 24.83 24.94 22.62 25.79 26.29
.90 20.60 22.32 20.57 17.94 20.03 19.78 17.24 20.44 19.78
.80 14.04 15.91 14.00 12.46 13.43 14.04 11.77 13.97 14.19
.70 10.44 11.53 10.19 9.53 9.51 10.51 9.18 10.30 10.36
.60 7 73 8.,57 7.91 7.11 6.87 8.17 7.30 7.55 7.72
50 5.74 6.21 5.83 5 16 5.12 6.35 5.34 5.60 5.74
.40 3.88 4 42 4 29 3.64 3.80 4.69 3.96 4.03 4.17
.30 2.71 3.07 3.04 2 60 2 72 3.39 2.89 3.00 3.00
.20 1.81 1.99 185 1.90 1.81 2.15 1.78 2.12 1.98
,10 .95 99 73 .91 .85 1.20 .56 1.13 .88

SPRING FALL (MAR., APR.. SEPT.. OCT.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP
.95 19.67 21.90 22.78 20.75 20.86 1986 17.41 18.91 20.10
.90 14.61 16.84 16.51 15.38 15.86 1541 13.15 14.62 16.00
.80 9.86 11.04 10.51 10.34 10.72 10.bd 871 9.52 9.72
.70 7.29 8.18 741 7.67 8.16 7.88 6.06 7.14 7.12
.60 5.44 6.30 5.39 5.74 6.35 5.89 4.49 b.47 5.87
.50 4.10 4.82 4.04 4.20 4.71 4.33 3.37 4.03 4.10

.40 3.22 3.66 3.14 3.12 3.68 3.25 2.70 3.16 3.18

.30 2.53 2.74 2.41 2.38 2.67 2.46 2A11 2,42 2.43

.20 1.9-4 2.05 1.79 1.81 1.96 1.93 1,54 1.72 1.89

.10 1.32 1.33 1.12 1.17 1.2r, 1.19 .73 ,86 1.03

SUMMER (MAY. JUNE JULY, AUG.) -
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NSWC/WOL TR 78-187

TABLE 6 10 A.M. CONTRAST TEMPERATURE FOR SHIP J(1964-71)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP
.95 11.48 9.66 11.25 13.75 14.83 12.20 14.10 13.30 12.25
.90 9.39 8.33 9.19 11.00 12.43 7.60 13.12 10.10 10.73
.80 7.40 5.77 6.90 7.50 8.30 5.85 8.60 6.45 7.19
.70 5.09 4.59 5.81 5.50 5 49 5.01 6.13 5.66 5.36
.60 4.06 3.70 4.60 4.60 4.68 3.92 4.31 4.71 4.15
.50 3.35 3.17 3 70 3.76 4,16 3.25 3.46 3.64 3.71

.40 3.04 2.25 2.48 3.33 3,38 2.74 2.73 2.72 2.82

.30 2.53 1.27 ?.01 2.60 2.36 2.13 2.16 2.16 1.94

.20 1.81 .54 1.07 2.00 1.49 1.22 1.54 1.32 1.27
,10 .81 -06 10 60 87 .36 .49 .45 .36

WINTER (JAN., FEB.. NOV, DEC.)

PROB 1964 1965 1966 1967 1968 1969 19)70 1971 REP
.95 20.85 25.35 20.55 21.81 19.35 21.41 14.9O 18.75 20.13
.90 16.70 17.90 18.10 14.90 14.80 18.08 13.20 16.25 16.65
.80 11.60 13.40 12.80 11 13 11.90 14.55 10.95 13.50 12.75

70 9.03 11 35 10 40 9.52 8 70 10.33 9.22 9.68 10.03
.60 6,98 8.64 8.98 8.20 6.87 8.30 6.43 8.30 7.71
.50 6.05 6.96 7.80 6.38 5.88 6.95 5.29 6.45 6.55
.40 4.24 5.57 6.39 5 28 4 76 5.43 4,34 5.38 5.31
.30 3.39 3.52 540 3.38 3.66 4.54 3 37 3.90 4.39
.20 1.64 1.82 3 32 1.92 2.44 2.28 1.92 2,15 2.48
.10 1.03 1.02 1.68 73 1 26 1.19 .96 1.30 1.21

SPRING FALL (MAR., APR . SEPT . OCT.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP
.95 18.80 18.45 21 60 16.40 19.76 17.7i 14.45 16.50 18.03
.90 14.60 16.53 16.80 14.40 18 09 16.64 10.98 13.00 14.54
.80 11.64 12.20 12.20 10.92 12.80 12.95 8.13 10.00 10.17

.70 9.20 9.97 7.80 8.68 9.77 10.18 6.62 8.50 8.90

.60 6.85 7.93 6.55 6 87 8.63 8.10 5.33 6.83 6.72

.50 5.40 6.67 4.80 5 75 6.00 6.54 4.40 5.90 5.54

.40 4.46 5.45 3.66 4.17 4.36 5.54 3.68 5.08 4.60

.30 3.42 4.22 2.81 2.92 3.34 3.84 2.82 4.07 3.52

.20 2 16 2.74 1.96 2.10 2.44 2,42 1.95 2.35 2.35

.10 1.49 1.37 1.23 1.41 1.36 1.56 1.21 1.20 1.38

SUMMER (MAY. JUNE, JULY. AUG.)

(44



NSWCiWOL TR 78-187

TABLE 7 11 A.M. CONTRAST TEMPERATURE FOR SHIP J1964.71)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 17.40 11.95 15.40 15.65 17.63 1394 19.95 17.75 15.95

.90 13.90 8.45 12.96 12.30 13.97 10.90 16.15 12.50 12.30

.80 9.40 6.63 11.12 8.87 10.41 8.75 11.80 9.13 9.22

.70 6.85 5.48 8.93 7.47 8.67 6.44 8.15 8.25 7.21

.60 5.28 4.95 7 62 6.07 7.10 5.58 6.53 6.63 6.29
50 4.20 4.10 6.58 5.13 5.92 4.55 5.19 4.67 5.34 I
40 3.18 3.24 4.52 3.92 4.63 3.67 3.98 3.13 3.83
.30 2.06 2.29 2.46 2.68 3.06 2.045 2.82 2.25 2.56
.20 1.28 1.62 1.81 2.04 1.71 1.27 1.34 1.16 1.60
.10 .52 .22 48 1.24 .42 .30 .- .35 .30 .45

WINTER (JAN., FEB., NOV , DEC.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 33.75 27.60 26.30 26.25 28.65 26.65 26.10 25.98 29.87

.90 25.50 24.00 22.20 19.50 22.55 22.73 22.08 23.40 22.50

.80 18.75 21.00 16.08 14.33 18.10 16.80 17.03 16.20 17.67
70 14.00 17,20 12.80 12.00 15.83 12.30 13.60 12.93 14.60

.60 1240 14.50 1057 10.25 11.90 10.24 9.90 10.93 12.20
.50 10.20 11.25 9.25 8.33 9.92 6.65 8.70 9.75 9.79

40 8.50 8.88 6 90 5.17 7.65 6.13 6.97 8.15 7.03
.30 5 75 5.50 5 10 2 75 5.95 4,48 4.81 5.30 4.35
.20 260 2.20 2.28 1.80 3.32 3.08 3.48 3.91 2.86
10 1.30 1 33 1 42 .8u 1.53 1.47 1.24 1.64 1.22

SPRING-FALL (MAR., APR., SEPT.. OCT.)

PROB 1964 1965 1966 1967 1968 1969 1970 1571 REP

.95 23.33 25.95 26.85 20.48 22,65 22.50 17.13 20.38 21.99

90 1/.55 22.92 22.28 17.07 19.70 19.50 15.50 18.47 19.21
'80 12.55 16.27 17 7G 13.55 14.63 16,57 11.75 14.73 14.73
.70 1033 13,93 1303 11.35 12.04 13.00 9.75 11.06 11.84

.60 8.07 11.95 10.45 9.64 8.70 9 50 7.42 8.40 9.69
-50 658 9 17 8.58 7.80 7.10 7.50 6.25 7.44 7.71
.40 5 36 7.40 6.65 6.60 6.28 6.50 5.00 5.83 6.20
.30 4,16 5.60 4.98 4,68 4.96 3.30 3.33 3.57 4.45
.20 2.79 3.46 3.24 2.36 2.64 2.20 2.04 2.56 2.75
.10 1.79 1.85 1.49 1.68 1.66 1.50 .75 1.9 1.32

SU AE R (MAY, JUNE, JULY. AUG.)

45
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NSWCiWOL TR 78-187

TABLE 8 NOON CONTRAST TEMPERATURE FOR SHIP J1964.71)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 18.00 15.62 19.01 18.90 23.33 18.70 23.03 26.55 21.09

.90 13.60 12.85 16.90 14 80 18 10 1380 19.35 19.40 16.13

.80 11.00 907 13.68 11.40 13.44 10.93 14.20 12.95 11.64

.70 8.20 7.89 11.03 9.13 12.04 8.60 11.62 10.73 9.97
,60 6.38 648 8.73 7.43 10.20 7.13 8.63 7.20 8.29
.50 5.2b 5 39 7.19 6.30 7 44 5.67 6.75 5.75 6.35
.40 4 60 4 52 5.90 5.22 583 4.68 4.86 4.12 5.01
.30 3.20 3 25 3.98 3.32 4.54 3.85 3.95 3.24 3.87

.20 1 90 2.31 2.12 248 2 16 2.26 1.84 2.15 2,16

.10 90 82 ,86 162 79 .36 33 .57 .98

WINTER (JAN . FEB., NOV., DECi

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 39.75 34.46 33 25 28.95 34.67 33.75 32.17 29.45 34.36
90 32 83 30 58 27 96 23 85 28 60 25.50 23.76 25.43 28.30
.80 19.70 2265 22.10 17.52 21 72 21.00 15.20 20.80 18.93
.70 16.78 19.16 17.60 14.57 1760 17,17 13.20 14.93 16.18

60 12.70 15.70 12.47 11 32 12.70 1350 10.68 12.90 13.19
.50 9 13 1208 10.50 9.25 933 11 13 9.17 10.50 10.63
.40 7.22 7 94 8.90 6 70 7 60 9.25 8.05 8.57 7.80

.30 456 548 580 406 463 769 605 6.06 5.88
20 2 38 3 52 3.91 2.42 2 76 4 60 2.56 3.52 3.58

.10 1.46 1 23 163 91 94 320 .94 1.91 2.06

SPRINGFALL (MAR . APR , SEPT . OCT I

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

95 27 53 29.43 32 13 28 50 29 15 26.20 20.36 25.45 26.25
.90 20.61 27 35 2805 23.25 26.40 23 03 18.60 21.68 23.33
.80 17.40 20 31 18.60 18 38 18,94 17 94 15.24 18.76 17.78
70 1285 16 07 13.60 1367 14.47 14.60 11.76 14.90 13.92
.60 10.70 1254 996 1100 11 48 11.80 8.85 11.43 10.70
.50 8.63 9.92 8.60 9 25 8.80 9.00 6.50 8.88 8.21

.40 6.65 8 53 5.70 7.25 743 7.73 4.84 7.23 6.69

.30 3.78 6 36 4.44 5 50 5 80 6.45 3,04 3.92 4.70

.20 2.68 4.01 2.64 3.00 332 2.72 2.12 288 3.07

.10 1.83 1 75 1.66 1.65 1.84 1.37 54 1.51 1.26

SUMMER (MAY. JUNE. JULY, AUG.)
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NSVCIWOL TR 78-187

TABLE 9 1 P.M. CONTRAST TEMPERATURE FOR SHIP J(1964-71)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 22.29 18.40 24.80 21.68 24.38 24.20 20.48 25.60 22.00

.90 18.30 14.27 19.54 17.27 22.00 19.05 17.69 21.20 18.14

.80 10.80 9.80 14.60 11.70 16.67 13.45 14.20 12.10 13.24

.70 8.29 864 11.63 9.43 12.00 10.70 10.60 10.40 10.15

.60 6.80 7.53 9.55 7.83 9.25 8.15 8.37 7.48 8.18

.50 5.66 5.60 7 63 6 81 6.92 6.00 6.33 5.88 6.62

.40 4.16 4.36 5.77 5 73 6.10 4.54 5.22 4.28 4.97

.30 2.82 3.21 3.44 3.34 4.73 3.22 4.22 2.88 3.78

.20 1.84 2.22 2.38 k 68 2 00 2 13 2.49 2.16 2.26
10 .57 .84 1 34 1 62 90 .72 .88 .38 1.00

WINTER (JAN . FEB.. NOV . DEC.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

95 38.81 36.00 35.25 31 94 33 03 36 05 34.00 36.06 35.38
.90 32.63 31 17 29 35 25.26 30 50 30.13 22.95 29.78 27.79
.80 23.66 25.68 23.40 19.37 22.35 22.20 17.20 24.17 21.44
70 18.78 20.66 16.80 15.10 16.15 17.33 12.56 19.10 16.61
.60 15.80 17 32 12.93 12 71 11.87 14.91 10.68 14.80 14.00
.50 10.88 1380 11.33 11.17 892 13.13 9.25 12.25 11.53
,40 8.43 10 85 880 7 77 6.20 10.15 8.64 10.20 8.53
.30 593 7 13 680 3.68 353 8.43 6.70 7.48 5.98
.20 2 58 4 64 4.28 2.28 2.12 4.57 4.56 4.12 3.38
10 1 33 246 1 12 106 1 27 2 78 1.48 2.22 1.92

SPRING FALL (MAR., APR . SEPT.. OCT.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 26.10 3200 32 75 29.31 28.05 28.88 23,66 26.60 28.21
90 20.34 24.45 2870 2603 25.16 2580 2061 20.76 24.52
.80 1707 19.95 20.10 21.72 19.20 19.50 16.13 18.12 18.04
70 13.13 16.70 14.64 17.55 14 70 14.50 12.58 14.20 16.07
.60 11.31 13.47 11.20 12.27 11.95 12.22 10.20 11.93 11.84
.50 9 00 9.70 8 90 10.30 9.75 9.80 7.58 9.25 8.94
.40 7.45 7.65 7.23 8.62 7.90 7.25 5.58 7.87 7.10
.30 4.84 5.20 5.47 5.11 6.24 380 4.34 5.35 5.02

.20 2.74 3.38 4.02 3.86 3.32 2.72 3.08 3.35 3.38

.10 1.97 1.83 2.38 1.86 2.06 2.07 1.38 1.38 1.88

SUMMER (MAY. JUNE, JULY, AUG.)

(

2:2 , A



NSWC/WOL TR 78-187

TABLE 10 2 P.M. CONTRAST TEMPERATURE FOR SHIP J(1964.71)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 21.80 18.50 22.73 22 05 23.00 24.30 19.35 24.87 21.69

.90 16.60 13 75 17.15 18.66 18.75 19.05 16.35 19.35 16.55

.80 11.10 10.50 12.52 1340 14.50 1380 10.93 11.27 12.50

.70 7.98 7.75 10 32 958 12.00 9,55 9.68 8.93 9.88

.60 6.44 6.30 8 53 7.81 8 50 6.77 7.70 7.56 7.42

.50 5.00 5.31 6.08 6.94 6.75 5.50 6.21 5.75 5.97

.40 3.75 4.00 4.04 4 07 6.00 4.39 5.03 3.96 4.88

.30 2.36 3.10 2.47 3 97 4 07 3.18 3.65 2.73 3.27

.20 1.52 2.30 2.01 2.56 1.80 1.44 2.32 1.95 2.00

.10 .44 1 60 1.27 1 58 .45 44 .66 .47 1.02

WINTER (JAN.. FEB. NOV., DEC)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 30.38 3606 31.83 39.00 28.30 3600 31.63 34.50 32.15

.90 27.18 31.42 28 37 28.65 25 73 27.40 24.45 30.00 27.94

.80 1998 2544 23 13 21.20 20 70 20.90 18.30 22.50 21.87
.70 16.45 21.37 1987 14 87 16 53 15.90 13.98 18.43 17.68
60 1355 1580 1660 1331 12.80 14,40 10.80 15.40 13.70
.50 1108 12 75 13.00 1080 783 12.00 9.54 11.67 10.42
.40 7.73 9 70 10 05 8.20 6 10 9 73 7.85 7.25 8.08
30 4.02 7 48 6.35 5 23 348 7.35 6.76 5.88 648
.20 254 444 3 32 264 1 96 468 4.12 3.40 3.32
10 1 19 187 1 38 186 63 196 2.27 1.80 1.46

SPRING-FALL (MAR., APR . SEPT OCT.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

95 2445 2900 31.69 2730 28.61 27 25 27.20 25.73 28.07.90 21 80 24 75 26 10 23 85 25.38 22 50 23.10 21.60 23.85

.80 17 47 19 50 19.80 19 92 1954 16.80 17.45 15.64 1778

.70 13.70 16.00 14.53 15 80 16.26 14.3 13.60 13.47 14.74

.60 10.47 13,43 10.96 1134 12.30 11 50 10.60 11.10 11.95

.50 7 17 9.25 8.38 9.88 10.36 9.35 9.13 9.50 8.77

.40 .81 8.00 5,10 7.30 8.47 7.63 6.60 7.93 6.64
30 3.47 5 92 4 35 4 44 7 15 4.53 4.38 6.10 5.31

.20 2.31 4.73 3.08 3 16 5.57 2.50 3.04 3.54 3.94
10 1.82 1.80 2.33 1.87 2.54 1 45 2.12 1.63 2.00

SUMMER (MAY, JUNE. JULY, AUG.)

48
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NSWC/WOL TR 78-187

TABLE 11 3 P.M. CONTRAST TEMPERATURE FOR SHIP J(1964.71)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 17.40 13.66 25.80 17.50 18.85 18.75 21.23 17.26 19.73
,90 13.40 12.15 19.20 14.75 16.28 13.75 14.65 14.00 15.68

.80 9.20 8.45 11.90 10.00 10.73 10.00 11.15 9.42 10.18

.70 6.48 7.15 9.03 7.50 8.05 7.95 9.19 8.60 7.84

.60 5.63 5.20 5.93 6.00 6.23 6.50 7.05 6.33 6.13

.50 5.00 4.15 5.00 4.87 5.04 4.40 4.80 5.64 4.96

.40 3.83 3.05 3.59 3.60 3.96 3.00 4.24 4.20 3.62

.30 1.97 2.17 2.76 2.90 2.38 2.03 3.01 2.70 2.49

.20 1.33 1.62 2.02 2.17 1.46 .87 1.54 1.70 1.52

.10 .36 .85 1.16 1.47 .32 .10 .27 .50 .79

WINTER (JAN.. FEB.. NOV.. DEC.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.9b 29.40 29.25 27.79 32.75 27.93 29.70 31.67 29.00 30.27

.90 23.10 24.75 25.05 27.30 24.10 23.10 22.71 26.50 25.20

.80 17.68 21.30 19.92 17.30 20.07 17.20 18.43 20.50 19.25

.70 14.20 17.63 15.43 13.73 16.20 13.80 13.71 16.00 15.67

.60 12.28 14.25 10.85 11.20 13.70 11.60 12.00 12.26 12.56

.50 9.50 11.50 8.25 9.58 11.17 9.00 9.00 10.17 9.88

.40 6.70 9.00 6.93 7.73 6.15 7.45 7.33 6.88 7.58

.30 4.68 6.18 4.83 5.68 4.14 5.65 5.83 5.00 5.16

.20 2.56 3.00 2.16 2.68 2.08 3.28 3.20 3.50 2.79

.10 .96 1.48 .89 1.74 1.59 1.66 1.20 1.60 1.21

SPRING FALL !MAR.. APR.. SEPT., OCT.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 28.95 26.65 28.65 27.25 26.43 27.08 23.70 25.50 26.33

.90 23.16 24.30 24.15 21.50 23.33 21.83 18.90 21.00 21.60

.80 18.10 18.12 18.20 17.00 18,09 16.05 14.43 iS.E 16.32

.70 12.95 14.90 13.30 13.08 13.58 12.73 12.49 -33 13,7C

.60 9.84 11.08 10.69 11.33 11.20 11,07 8.1... "0t ,94

.50 7.50 8.67 8.83 9.15 9.25 8.79 7.2C r" 7 -

.40 6.88 6.93 6.60 7.50 7.15 6.26 4.9* 7 .26 *,;r

.30 5.55 5.37 4.88 5.25 6.31 3.97 3.56 ",, 4f94

.20 3.06 2.98 3.08 2.80 4.56 2.5 3.tF 3.11

10 1.89 1.67 1.19 1.57 2.58 1.50 " A) 1.90

SUMMER (MAY, JUN. JUV. AUG.;
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NSWC/WOL IR 78-187

TABLE 12 NIGHT CONTRAST TEMPERATURE FOR SHIP J(1964-71)

PROB 1964 1965 1966 1967 1968 1-69 1970 1971 REP

95 2086 10.47 8.90 1'15 10.18 10.13 10.39 10.06 9.88

.q0 8.83 8.61 7.31 8.12 8.70 7.89 9.18 ?.25 8.22

.80 6.35 6 19 5.31 5.60 6.27 5.47 6.28 4.96 5.66

70 4.59 4,39 3.93 3.98 4.19 3.90 4.33 3.70 4.15

.60 ,.32 2.97 3.07 3 14 3.01 2.90 3.00 2.92 3.11

.50 2.51 2 25 2.35 260 2.37 2.21 2.21 2.37 2.41

40 206 1.72 1 80 2.14 1.84 1.62 1.60 1.86 1.87

,30 58 1.29 1.23 1.71 1.34 1.06 1.02 1.41 1.30

.20 . 75 .54 1.21 79 .45 .44 .93 .83

.10 .24 -. 15 -28 .47 -. 30 -. 62 -. 40 .02 .19

WINTER (JAN.. FEB., NOV., DEC.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

,95 10.04 8.03 9.88 10.06 7.97 10.64 9.80 7.96 9.30

.90 8.09 7.09 7 46 7.89 6.88 8.46 7.75 6.80 7.63

80 6 40 5.54 5 86 549 5.30 6.08 6.07 5.19 5.85

70 . Z3 2 06 4.08 4.43 4.51 3.90 4.39

.60 3.62 3.48 3.75 3.20 3.16 3.26 3.43 3.19 3.38

50 2 77 2 79 3.02 2.58 2.40 2.55 2.74 2.61 2.71

40 229 2.27 247 2 13 1.95 2.05 2.16 2.19 2,21

.30 1 84 1.77 1.90 1.73 149 1.53 1.59 1.68 1.67

.20 1 38 1 20 1 29 1 23 88 1.02 .98 1.25 1.13

10 66 39 .60 .18 .02 .36 .17 .55 .34

SPRING-FALL (MAR APR.,SEPT., OCT.)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

95 7.82 7 31 6 80 6 39 7.32 7.19 6.84 6.07 6.96

90 651 621 597 5.66 6.41 5.85 523 4.99 5.75

.80 4 71 4.87 4.55 4.33 5.10 4.38 3.63 3.89 4.37

70 3.55 3 73 3.48 3.24 4 06 3.43 2.86 3.06 3.46

.60 2.83 2.95 2 77 2.64 3.11 2.78 2.24 2.46 2.68

.50 " 25 2 51 2 33 2.21 2.47 2.31 1.89 2.12 2.20

40 1 87 2 12 195 1 87 2.04 2.00 1.64 1.77 1.88

.30 1 54 1.76 1.60 1,56 1 76 1.63 1.31 1.40 1.54

.20 1 19 1.31 1.25 1.20 1 37 1.31 .91 1.06 1.14

10 .70 .78 62 63 .65 .74 .31 .60 .55

SUMMER (MAY. JUNE, JULY. AUG.)
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NSWC/WOL TR 78-187

TABLE 13 TOTAL CONTRAST TEMPERATURE FOR SHIP J(1964-71)

PROB 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 12.09 11.30 12.41 12.35 13.11 12.09 12.87 12.33 12.21

.90 9.76 9.28 9.43 9.67 10.46 9.65 10.49 9.41 9.89

.80 7.15 6.65 6.76 6.95 7.49 6.40 7.88 6.38 6.94

.70 5.29 5.14 5.01 5.14 5.66 4.75 5.53 4.61 5.14

.60 3.88 3.64 3.69 3.78 3.93 3.44 4.03 3.42 3.76

.50 2.83 2.67 2.77 3.00 2.31 2.68 2.84 2.72 2.84

.40 2.26 2.04 2.12 2.44 2.16 1.92 1.99 2.14 2.18

.30 1.71 1.48 1.52 1.95 1.55 1.27 1.38 1.60 1.61

.20 1.15 .91 .82 1.35 .92 .60 .63 1.02 .96

.10 .38 02 -. 16 .62 - .00 - .39 - .24 .10 .00

WINTER JAN.. FEB.. NOV., DEC.)

PROB 1964 1965 1966 1367 1968 1969 1970 1971 REP

.95 20.38 22.22 20.42 17.73 19.84 19.63 16.88 20.33 19.56

.90 13.84 15.72 13.81 13.00 13.26 13.94 11.93 13.91 13.83
•.80 9.22 9.28 9.02 8.61 7.94 9.71 8.47 8.48 8.61

.70 6.82 6.67 6.60 6.16 5.90 7.20 6.45 6.24 6.56

60 5.18 5.08 5.17 4.45 4.49 5.34 4.86 4.51 4.90
.50 3.69 3.82 3.99 3.32 3.38 3.86 3.62 3.61 3.66
.40 2.72 2.88 3.02 2.5.7 2.52 2.79 2.76 2.75 2.77

.30 2.12 215 2.26 7.01 1.90 2.07 1.56 2.16 2.0

.20 1.53 1.50 1.52 1.51 1.26 1.42 1.24 1.51 1.39

.10 .79 .74 .63 .48 .33 .70 .35 .78 .56

SPHING.FALL (MAR.. APR., SEPT,. OCT.)

PROS 1964 1965 1966 1967 1968 1969 1970 1971 REP

.95 1661 18.55 18.89 17.53 18.19 16.85 14.96 15.83 16.93

.90 1.156- 13.23 12.471 1.94 12.4 112.30 10.56 11.23 11.90

.80 7 o3 8.10 7.37 7.4F 8.06 7.84 6.56 7.15 7.33 -

.70 5.57 6.07 f'..43 5.5;, 5 18 5.7-: 4.58 5.18 6.38

.60 4.18 4.72 1.10 4.12 4.75 4.23 3.40 3.88 4.06 .

.50 3.27 3.59 3.19 3.08 3.63 3.; 2.72 3.06 3.18

.40 2.58 2.78 2.50 2.45 2.75 2.53 a.. 12 2.39 2.46

.30 2.03 2.22 1.99 1,95 2.12 2.07 1.71 1.89 1.97 .

.20 1.f5 1.73 1.51 1.51 1.69 1.56 1.24 1.37 1.49:

.10 1.00 1.06 .95 .92 .98 1.02 .53 .72 .80

SUMMER (MAY, JUNE. JULY, AUG.)
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over the wavelength region of interest (8-12.,m). The ship and background tempera-
tures were designed to approximately reproduce the target surface radiance and the
background radiance respectively when used in the blackbody spectral radiance
(Planck's) equation equation (3)1. T;,s, these temperatures are used to compute
spectral radiances and these are integrated numerically over the 8-12lm region to
find the ship contrdst radiance. Contrast temperatures are composed of independent
ship and background temperature components. While the radiance from each of these
two sources is uniquely related to the real or effective temperature, there is not
a unique radiance associated with their temperature difference. This is illustra-
ted in Figure 17 which shows a range of radiant contrasts corresponding to back-
ground temperatures of 5'C and 15"C.

12.0

'100

0 BACKGROUND TEMPERATURE-15'C
8.0

&,0

4
I-

00

50 10.0 15.0 20.0

CONTRAST TEMPERATURE, C

Figure 17. Relationship between contrast temperature and

radiant contrast ship siqnatures

These curves show that the range of radiance contrasts corresponding to a con-
trast temperature increases with contrast temperature. However, this range is not
large for in the background and contrast temperatures encountered in the present
work, i.e., median contrast temperatures of 5'C or less. In fact, an average value
chosen from Figure 17 will adequately relate any of the previously given contrast
temperatures to the target radiant contrast. Recommended average values will be
given in the next section of this report.
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VI i. CONCLUSION

This report has presented the results of a study whose goal was to provide
ship signatures in a form useful to SIAFIRF system perfomance studies. Since the
SEAFIRE tnermal imaging sensor operates in the 8-12,wn region, all work of the

present study was directed towards that waveband. The results presented and the
conclusions drawn iill not hold for the 3-5-m or any other waveband. However, the
methods developed could be extended to the 3-5.m waveband by considering the effect
of the ship exhaust plume and redefining the background temperatures. SEAFIRE
system studies required a !statistical distribution of target/background temperatures
which include weather effects typically encountered at sea. It was found that
existing methods of determining ship signatures are long and involved computation-
ally. Hence, a relatively large amount of expensive computer time would be required
to present an analysis of the effect of weather on ship signatures. Therefore, a
simpler method of computing contrast temperatures was devised so that a large
number of signatures using weather data could be generated. It was shown that this
method, named the Single Element Method, provides a good approximation to the
average ship temperature. This method will accurately include the effect of a hot
stack on average ship temperature. .However, the average ship temperature is not
meaningful in cases where the srall stack surface area contributes half or more of
the total temperature. !n these cases, the stack will probably be sensed at a much
greater distance than the remaining ship. Furthermore, the most obvious counter-
measure for a ship signature is to cool the stack hence it may be assumed that
future warships will have some form of cooled stack. The average ship temperatures
and resulting contrast teriperatures calculated were for a ship model having a
cooled stack. For this case, it was shown that difference, in ship construction or
internal temperature distribution do not significantly effect its average tempera-
ture hence the results given will have general application. Improvements in the
Single Element Method could still be made. The most noteworthy improvement being
the obtaining of a model atmosphere that varies continually with day of the year.
Also, any adyance in methods of computing ship signatures could te incorporated into
this method as they becore available.

It is difficult to surnarize the ship contrast temperatures given in this
report because they are greatly influenced by several variables. First, solar
heating influences ship temperatures hence the target ships heading and its
location on the earth are important. Secondly, weather conditions (i.e., rain,
wind, air temperature and cloud cover) largely govern daily signatures and these
can also depend on location or season of the year. Finally, the relative
positioning between the target and the sensor could be important, especially in
determining backgrounds. A summary of day, night and total ship contrast tempera-
tures provided in the previous section is given in Table 14 for a sea surface
background. This su,.-nary consists of the probability of observing contrast
temperature ranges or lower values for year-round conditions when the effect of
season and ship's heading are considered. 'ere, the heading of 27u (due west) on

4I
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a starboard element is excluded from daytime contrast temperature because it leads
to contrast temperatures very similar to nighttime values.

Table 14. Range of Computed Ship Contrast Temperatures

Probabilitty !a)yt me Rane Nighttime Range Total Time Range

0.90 8-201C 6-80C 8-131C

0.50 3-51C 2-2.51C 2.5-3.50C

0.10 0.5-1'C 0-0.5"C 0-11C

Table 14 can be used to provide quick estimates of ship target contrast tem-
peratures which can also be converted to contrast radiance by use of Figure 16.
However, the limitations imposed by using the Ship J weather data should be
remembered. First, Ship J was at a midlatitude location (510N) and these signa-
tures are expected to vary with latitude. Second, it was noticed after these
signatures were computed that the location of Ship J contains an extraordinary
amount of cloudy weather. Cloud conditions act both to lower ship temperatures and
increase background temperatures thereby leading to low values of contrast tempera-
tures. Hence the contrast temperatures listed in Table 14 are conservative esti-
mates for the midlatitude location. Finally, these estimates are for viewing a
ship tarqet from another ship and do not hold for viewing the ship from an aircraft
or elevated ground station.

4 55/56
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SYMtBOLS

a solar absorptance

A area fraction of ship surface are with respect to internal temperature

AF angle factor for solar reflection off of a ship

AS ship surface area, m

Az solar azimuth angle, degrees from north

b solar hour angle, degrees

B area fraction of ship surface area with respect to heat capacity

c latitude, degrees

C area fraction of ship surface are with respect to ship stack

d solar declension, degrees

D grouping of variables for internal temperature effects isee equation (25))

E second grouping of variables for internal temperature effects
,see equation 126)

f fraction of clear sky

F grouping of variables for thermal capacity effects [see equation (21)]

G second grouping of variables for thermal capacity effects (see equation
(22)

ha convective coefficient for air flowing over a vertical surface,
watts/r" C

hi internal heat transfer coefficient. watts/m; - "C

hk convective coefficient for stack gases, watts/m; - OC

hr convective coefficient for rain on a vertical surface, watts/m7 -'C

H altitude above sea level

HA dimensionless parameter for air cooling

HI dimensionless parameter for internal heating

HK dimensionless parameter for stack gas heating

HR dimensionless parameter for rain cooling

, length of air path from target to sky background

M target ship heading. degrees clockwise from north
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Nb sea surface or background radiance, watts/n; - sr - ;m

Nc cloud radiance, watts/m: - sr - .ri

Ng apparent background radiance, watts/m" - sr - ;,m

Us sky radiance, watts/i" - sr - _m

Nt target surface radiance, watts/m" - sr - .m

P radiative signal power, watts/m;

Qd direct solar energy incident on a vertical element, watts/m2

Qf diffuse solar energy, watts/m"

Qi indirect or diffuse solar energy on a vertical element, watts/m

Qo direct solar energy, watts/m"

Qs total solar energy absorbed on a vertical eleirent, watts/m

R spectral blackbody .adiance, watts/m" - sr - .m

Rs spectral radianLe of sun, watts/m: - sr - .m

S atmo.spheric radiance emission, watts/m" - sr -. m

Sa atmospheric emission of a clear sky. watts/m - sr - .m

SC atmospheric emission of path from target to clouds, watts/m - sr - rm

T temperature

Tb basic element or average ship temperature, '-C

TC ship target contrast temperature see equation (39);

TCI internal temperature .:orrection factor. -C

TC2 thermal capacity temperature correction factor. 'C

TC3 stack presence temperature correction factor, -C

TH ship target contrast temperature :see equation (39), C

TK temperature of exhaust gases inside ship stack, 'C

Tn internal temperature of ship compartments, 'C

To sea level temperature or initial ship temperature, rC

TS effective average ship temperature 'see equation (30)1

Tw sea surface water teriperature. 'C

Ty effective sky temperature, C

Ua atmospheric transmission

Uas loss in direct solar energy due to aerosol scattering

Ums loss in direct solar energy due to molecular scattering

Ut solar energy transmission

v relative wind speed between air and ship velocities, m/sec

V ratio of time step to thermal capacity !see equation (30)1
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W thermal capacity of ship surface sections, watt-hrs/m
2 
-"C

solar zenith angle

Zp target-detector zenith angle Isee Figure (I)]

solid angle of target area in detector field-of-view, sr

.* normalized detector response

emissivity in 8-12,.m waveband

tifne step in numerically computing ship temperatures, hours

* wavelength.*:,

elevation angle of sea surface facets, degrees

reflection angle of sea surface facets, degrees

SUBSCRIPTS

a air

I C OU&S

m internal temperature divisions of ship

p thernal capacity diyisions of ship

q stacks of ship

S ship

w :r a 'urfade
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APPENDIX A

APPLICATION OF SINGLE ELEMENT IETHOD

This appendix will describe how the Single Element 'lethod is applied to a
given ship, the Patrol Frigate, to evaluate the correction factors referred to in
equations (27), (33) and (36). The basic element of this method is simply a
vertical rectangle of unit dred which has the lowest internal temperature and
1owest thermal capacity of all ship sections considered. This element is basical'y
the same for all similarly-constructed ships. The magnitude of the correction
factors vary with differences in ship construction and operation and cause dif-
ferences in average temperatures between ships. However, it will be shown that
these correction factors are small in comparison with the basic element temperatures
as computed by the Single Element Method for the Patrol Frigate are a good approxi-
mation for all similar ships. Here, similar ships are those having aluminum super-
structures and steel hulls of equivalent thickness and relatively small cooled
stacks as those found on the Patrol Frigate Model.

A portion of the Patrol Frigate Model indicating the internal temperatures,
heat transfer coefficients and thermal capacities is given in Table 1. Here, a
broadside view of the starboard side of the ship is divided into 33 sections and
these variables are specified along with the surface area for each section. Table
A-i shows that the internal heat transfer coefficient is 0.625 watts/m " C over
most of the ship hence this value is used in the single element method. The
starboard view is arbitrarily chosen as any view can be obtained from the 3-
dimensIonal Patrol Frigate Model. In specifying the starboard view in Table 1,
the 3-dimensionality of the ship is neqlected. That is. all of the sections listed
are assumed to be vertical and the slight tilt of some sections is not considered.
Correction factors are derived from Table I by considering the ship first in terms
of its internal temperatures and subsequently in terms of its thermal capacity.

The internal temperatures are modeled by first grouping the sections listed
into 3 temperature regions. These are: (1) 80-95'F; (2) 1O0-11O F; and (3) 120-
I40'F. The area fractions for each of these regions are found by summing their
surface areas and dividing by the total surface area of the starboard view (1130 m ).
The foloing area fractions result and are applied at the listed intermediate tern-

;peratures

Temperature 85"F 105cF 130'F

Area Fraction 0.441 0.453 0.016

The temperature correction factor for internal temperature differences can be
deriveJ from the above table and equation (27). Let, A2  .453, A; .106, Tn; -

Tn, 20'F (11.1'C) and Tn, - Tn, 45'F (25'C). Equation (27) reduces to

A- 1
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SECTION IDENTIFICATION AS Ti hi W

Peak Tank 35.1 85 2.660 10.4
Boson Storeroom 46.4 105 0.625 10.4
Hull Storeroom 93.5 105 0.625 10.4
Passage 21.0 105 0.625 8.65
Passage 32.4 105 0.625 10.4
Crew Living Cornplex 68.3 80 0.625 10.4
Passage 33.4 95 0.625 13.9
Laundry Room 31.4 80 0.625 8.65
Passage 26.8 95 0.625 17.3
Dry Provisions Storeroom 15.6 85 0.625 8.65
Service of 4.8 105 0.625 8.65
Passage 31.6 110 0.62b 17.3
Auxiliary Machinery Room 2 21.1 120 0,625 8.65
Passige 35.5 130 0.625 13.9
Engine Room 28.2 140 0.625 10.4
EOS Room 30.2 80 0.625 10.4
Auxiliary Machinery Room 3 21.6 120 0.625 8.65
Central Office Complex 33.6 80 0.625 8.65
Supply Storeroom 28.2 105 0.625 8.65
Gas Cylinders ETC. Room 35.0 105 0.625 8.65
Steering Gear Room 30.8 85 0.625 8.65
Auxiliary Machinery Room 1 13.6 120 0.625 8.65
Helocopter Hanger 176.0 105 0.625 4.09
Ammunltion Magazine 139.2 80 0.625 4.09
WR Mess Room 14.1 80 0.625 4.09
WR Pantry 14.4 90 0.625 4.09
Plenum 23.8 105 0.625 4.09
Passage 5.0 90 0.625 4.09
Helocopter Shop 63.4 100 0.625 4.09
Ammunition Magazine 14.2 85 0.625 4.09
Fan Room 10.8 105 0.625 4.09
OTOM 5.8 95 0.625 4.09

Main Stack 12.6 825 26.0 11.0

AS Surface Area in M" hi Internal Heat Transfer Coefficent
in watts/M'-'C

Ti Internal Temperature in F W = Thermal Capacity in Watt-Hrs/M-"C

TABLE A-l Internal Temperature and Thermal Capacity Model for

Starboard Side of Patrol Frigate

* A-2
4 _
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T - Tb+6.16 E (A-I)

Equation (A-1) shows that the internal temperature corrections depend on E which is
composed of the thermal capacity of the basic elements W, the weather coefficients,
ha, hr, and the time step, 7.: see equations (18)-(20)]. A maximum value of this
correction can be calculated for the Patrol Frigate Model. The maximum E results
for minimum convective cooling coefficients. Here, hr =0 (no rain) and ha=6.0
watts/m 2 - 'C (free convection, no relative wind). The thermal capacity of the
basic element is 4.09 watt-hr/m, - C and the time step is 1.0 hour (time step has
only a small influence on this calculation). With these values, the following
value for maximum temperature correction factor results.

TCI = 0.360C (A-2)

It was shown in Table 3 that ship temperatures up to 200 C above ambient were
calculated from the weather data. Since the higher ship temperatures correspond
to the minimum cooling rates which produced the maximum value of temperature cor-
rection, this factor will be small compared to the difference between ship and
ambient temperature during daylight hours. At night, the internal temperatures may
contribute significantly to ship temperature but will not dominate the resulting
contrast temperatures. For example, median nighttime contrast temperatures for
the Weather Ship J data were found to be about 2.5'C (see Table 14). Thus, the
contribution of internal temperature differences to contrast is likely to be small
compared to the solar heating effect in daytime or the ship to background tempera-
ture differences at night. Also, the rather large internal temperatures given for
some sections of the Patrol rrigate Model will not have a significant influence on
the results.

The Thermal Capacity Model was derived by first grot'ping the ship sections
listed in Table 1 into co,.mon thermal capacities. It was decided that only the
three lowest thermal capacities would be considered and that those thermal capa-
cities above 10.4 watt-hr/m' - OC would be neglected because their associated sur-
face area is small. The following area fractions were found for the three lower
capacities.

Thermal Capacity (watt-hr/m - C) 4.09 8.65 10.4

Area Fraction 0.408 0.257 0.335

Here the basic element thermal capacity, 4.09 watt-hr/mg - OC, corresponds to the
,-inch thick aluminum plating found on the superstructure while the higher values
correspond to the steel hulls. The temperature correction factor for thermal
capacity differences can be derived from the above table and equation (33). Let,
B. .256, B, = .335 and V., .244, V, = .116 and V, = .096 for a time step, AT, of
one hour. Equation (33, can be written as

F -G- To)
T Tb- .0825 (-G- -r, (A-3)

where the slight difference in denominator between the two terms of the temperature
correction factor has been neglected. The temperature correction factor in
Equation (A-3) is a complex combination of the solar heating, internal heating and
convective cooling rates which define the factors F and G !see equations (31) and

A-3
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(32)j. An estiate of this correction is made by assuming that the initial ship
temperature is 200C for the minimum cooling conditions previously defined. The
following thermal capacity correction is found for an average absorbed solar heating
rate of 75 watts/m& and an average air temperature of 100C,

TC2 = -0.42"C (A-4)

Thus, the contribution of thermal capacity differences to the average ship tempera-
ture calculated by the Single Element Method is also likely to be small compared
to the other contri)utiuns.

The stack correction factor for the single stack found on the Patrol Frigate
is estimated using Equation (37) and noting that the stack area fraction is .0106
from the data in Table 1. The following estimate of maximum stack correction
results by using the minimum cooling rates.

TC3 2.880C (A-5)

If the previously recommended average cooling condition, HC+ HR =5.0, is used, the

stack correction factor drops to 1.50 C. Table 14 indicates that median contrast
temperatures for the Weather Ship J data are about 2.5'C .t night and 50C during
the day. Thus, the stack correction factor i likely to be a significant portion
of the overall ship temperatures for hot stacks. However, the stack correction
factor is much reduced for ships having cooled stack or stack gases. For example,
if it Is assumed that the stack gases are cooled to 150 F (66 C), the corresponding
maximum stack correction is .363'C and the average correction is only .189'C. A
stack gas temperature of 150'F is artificially low to account for stack casing
cooling which cannot be considered in the present models.

The work of this appendix shows that the temperature correction factors for
ships with cooled stacks are relatively o alcompared to the expected overall ship

temperatures. Pence, ship temperatures calculated by the Single Element Method
using the Patrol Frigate Model are valid for all similarly constructed ships. The
work on stack correction factors shows that not stacks contribute significantly to
the average ship temperature hence their effect should be included in Single
Element Method calculations on a per ship basis. However, hot stacks may be the
dominant feature in some ship signatures hence an average ship temperature may not
be meaningful in these cases.

A-4
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APPENDIX B

COMPUTER PROGRAM FOR CALCULATION OF SHIP CONTRAST TEMPEPATURES

A computer program using the methods of this report was written to calculate
ship contrast temperature and the component temperatures making up its definition.
Component temperatures are the sky, background and ship temperatures and these are
calculated and presented as an aid in understanding Vie probabilities of occurrenceof contrast temperatures. Contrast temp,atures are calculated from data supplied

hourly for day operation, night operation, total time operation and for the hours
between 10 a.m. and 3 p.m. These calculations are gathered, statistically
analyzed, and printed in a form useful in systems studies,. The definition of the
probability of occurrence of contrast temperature and the rationale for this
definition was given in Section V of this report..

The ship contrast temperature program, named ASIRCT for Approximate Ship
Infrared Contrast Temperature, will be described. This oescription will consist
of a flow diagram, a listing and a written descripti3n of the operation of the
main routine and subroutines of this program. These are given to show how weather
data is used and how calculations are performed but not to provide, a user's manual
for the program. However, the program and instructio.s for it .?t-up and use may
be obtained from the Naval Surface Weapons Center. The ASIRC", program was written
specifically for the Patrol Frigate Model and for the 8-12 .m waveband. However,
this program can be modified to include other ships or wavebands i;slng the basic
format of this program.

The ASIRCT Program consists of a main routine ar., eight subrot'ines. A flow
diagram for this program is given in Figure (5-1) and the individu.,' routines are
listed in Figures (B-2)-(B-IO). The program requires three pjn::hed cards and a
magnetic tape containing the weather ship data. The three cards ar,- initialiy read
in to provide program controls, the Single Element Method tner-mal model, and the
ship target conditions. These are the only input data cards required as shown by
the flow diagram in Figure (B-1). The Program Control Card provides options over '4

printing or plotting the temperatures generated and the opti,,,n of calculating
statistical results either monthly or for a season of several months. Three
standard seasons were chosen for data analysis. These are: (I) the '4inter season,
November, December, January and February; (2) the spring-fall season, March, April,
September and October; and (3) the summer season, May, June, July and August. The
Single Element Method Card provides the thermal capacity and internal temperature
model for a ship of three thermal capacities and three internal temperatures.
Lastly, the Target Conditions Card provides the speed and heading of the target
ship, its emissivity in the waveband of interest (8-12,.m here), its solar 31
absorbtance and its stack model.

Program ASIRCT first calls ;ubroutine SKRAD which provides the clear and
cloudy sky radiances in tabular form for future use. This subroutine, which is

B-1
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listed in Figure (B-3), contains both the Midlatitude Winter and Midlatitude Summer
Atmosphere Models. Midlatitude Winter is arbitrarily used for the months November-
March and Midlatitude Summer for the remaining months. The program now enters a
large loop which begins by reading the weather data tape as seen in Figure (B-i).
The weather tape provides a myriad of information, only a portion of which is used
by the program. Useful information includes day, month and location of the weather
ship, hour of day, sea level conditions of temperature, dewpoint, visibility and
wind velocity and cloud height and conditions. This information was recorded hourly
by Weather Ship J hence it will be used to calculate contrast temperatures hourly.
The large loop of Program ASIRCT takes an hourly reading of weather data and cal--
culates the contrast and component temperatures for this sample. It then returns to
the beginning of the loop and repeats the process for another hourly reading of
data. The temperatures calculated are all saved for the statistical analysis which
is performed after completing the loop. A description of large loop operation
follows.

After reading the weather data, the program next determines if subroutine
SKRAD should be called to provide new sky radiances. SKRAD is called only if the
date indicates a change in season from midlatitude winter to sunmmer or vice-versa
has occurred. This happens on either April I or November I for the two possible
seasons. The program next calls subroutine CLDTR. This subroutine, which is
listed in Figure (8-4), provides the cloud conditions, cloud transmission and rain
convective coefficients. Cloud conditions are taken from the weather data and
categorized into 7 general conditions for later printing for informational purposes.
From cloud type and altitude, the transmission of solar energy is determined using
information from Reference [-I as a guide. Pain conditions were subdivided into
light, medium and heavy drizzle and light, medium and heavy rdin for use with the
rain convective coefficients derived in Section II of this report. Control of the
program returns to the main ro.,ine which procedes to call subroutine NEWDAY if
the weather data indicate the start of a new day. This subroutine, which is
listed in Figure (9-5) fi;ids the hour of sunrise and s:unset of the new day. The
main routine then calls subroutine SOLAR which is listed in Figure (8-6). This
subroutine calculates the convective cooling coefficient due to relative ship motion

which is given by Equation (16). Then, if the sun is present for the hour under
consideration, the indirect, direct, and abscrbed solar energies which are given
by equations (13),15) are conputed. Control of the program returns to the large
loop where the ship temperature including correction factors are calculated by the
Single Element Method given in Section V of this report. Subroutine TRSKY, which
is listed in Figure (B-7). is then called. This subroutine first determines the
sky radiance using Table 2 and the wind speed, cloud height and cloud cover supplied
by the weather data. Subroutine TRSKY includes the variation of sky radiance with
relative humidity although this has only a small influence as previously explained.
This was included before it was realized its effect was small and is retained in
case future analyses depending on relative humidity are developed. The sky
radiance found is related to sky temperature using the blackbody relationship given
in Figure 5. Using the just found value of sky radiance, the background and col,-
trast temperatures are computed. These are stored for future use in determining
probabilities of occurrence by statistical analysis. Ney't, subroutine CONHR is

B-I "Fleet Signature Computer Model Program Manual," Westinghouse Def. and Space
Cen., Baltimore, MD. Rept. 8796A, November 1968, p. 6-4

B-2
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is called if the hour of day is between 10 a.m. and 3 p.m. This subroutine, which
is listed in Figure (B-8), stores contrast temperatures for the above hours when
they are likely to be at their maximum values. Control of the program returns to
the main routine where the large loop ends by determining if the hourly data cal-
culated is to be printed, if printing is desired, many quantities in addition to
the contrast and component temperatures are printed for information. These include
the indirect, direct and absorbed solar energy, the wind speed and direction, the
cooling coefficient, sky radiance, rain coefficient, air and sea temperature and
the generalized cloud condition. The program now either returns to the beginning
of the loop for more weather data or leaves the loop to statistically analyze the
temperatures stored.

Data are statistically analyzed after I month or a specified number of months of
contrast temperatures, computed hourly, have been stored. This is done by calling
subroutine ANAL whose main purpose is to call subroutine SORT which actually per-
forms the statistical calculations, subroutine ANAL, which is listed in Figure (B-9)
calls SORT once for every contrast temperature or component temperature calculated
in the main routine. These are, the component temperatures for ship, sky and
background and the contrast temperatures for daytime, nighttime, total time and the
six hours between 10 a.m. and 3 p.m. SORT is also called to find probability of
occurrence for the sum of the three correction factors, TC1, TC2 and TC3. After
these calls to SORT, subroutine ANAL prints a summary table of the probability of
occurrences found in SORT. These tables will be reproduced and given in Section
V of this report. Subroutine SORT, which is listed in Figure (B-10), calculates
the probability of occurrence of temperatures which are given as a list of standard
temperatures. These probabilities are printed and as an option may be plotted
using a Gould electrostatic plotter, for example. After the summary table is
printed, control of the program returns to the main routine where it either ends or
returns to the beginning of the main loop to read more weather data.

9-3
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START

READ PROGRAM CONTROLS

READ THERMAL MODEL

READ SHIP CONDITIONS

TEMPERPLOT STATISTICS
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0;;O,Q&4 4!:RCT (!IiPUTTAOF1 ,OUT0UT1

(CCM6'O%/PRPL/KKKaNTH AVF A RqN0PLT

1IC(79),NF('Pq) ,F(79),"400(36) ,NS(79) ,NT(?q),TEMP('9),TLIST(79p
CAT& P/OCtI?#*S/[ fP*TA CCOV/0., O.10,0.?K,0.eeO9o5O0.6ona1 .q900, 91~.0/
DATA PO/0,.e.'63??,2e4oI.I.Ie,1,1OO,

DATA8. .L'S0 60 . 95C. t50 t,5 .v*0.I0 -. ,-',.-.-101.,

t3.8, 3-4 .4t...0.5 13.4?.,?4..?1*2 1S.,6001Sto o4

111691, 19 0. 9-I 09 0,4 19?tt -?Ae 0..O #? 9

CALL FPS~!CJNq'-

TLPEr21'

P"TAt 12 P.j

C~~IGR B.?R MARCACLTI4PINOTING OFD POATAING

QVI ls C~yfOPT,"NTtAN~tCITKSAtNo(KONJ 9i.t4
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WIFLO* 0

cu.?..90641 .-Cos( fps~ y I 40
A74?tR FL. A? oNrIG
D~C IT Tsl*4
TvIKSrAS.GT.t)C0 TO 'Iti !IPON(IlmtWIWI Ti
GC TC 17

31 TFf'KSrlS.GT.?)GC T0 I?

3 t(0NSwSG.7)G '0 34

TI'04(TluISLM( T)

1 4 no( 18 T21 9 "

2iFCR"ATIIHI,* TA~rT $o0f,*F.1,*NCT'S AT HVA0TNGx*#FS.0,s0EG FPC

104 0409TH 5I41P FLFWrN' VAvIkALS ?rh!T4:,tF5.0,'A?IP$UTM FRC10 90W*

201 FOR'4AT(4 90 INTrONAL TF,.r:.,r'5.1,'OCC C INTERNAL *.T.COEFF5.S
11,WAT1S.IiwAT-HQC 2- SURFACE FMISSJVITYU*

or 3 :219"Q

NS1(Tlw.1

3 ?4T )vc

N~(T)4.
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CALL KPAD
JsEAS2!SF68z

L~t

R PFAV(J, ) WIJMALCfISFAITIMrIOUA~oLATILONGIYEARIMOTHXOAY,
11CM', tLOCAL,ih1NCOAW14'1 ,V1F,IWFATAIRPR0,9TAIR,TOPTTSEAICOvICL
I I L C C'C 0!f9 A VF, W L L , A JUN R

tFI!fCP1NT.VFM.)r.O 7010
ICOtINTro(

PF'to TOA~

7~ TFT0T.aL0NHr0T 9

IT v" A1N 0* r T( It'

c( IsriVrF.TSIASGO To 117I CALL evPAE'
1 ? ALA" 2IL AT

?LA~r VIA?
WVF L- AW INCS

C 9, 2 r OV 0(co I

CALL CL(DTP(ILC 9(,'tIHC WFAT,CTRANSCON3,RCQFF)

t!(T!)fiv.Et'.JOAY1GO TC "I
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TTYNI T LIP

?eJCAY 2 1!,AY
I 1 CUPaTLOCAL-12

LCNuLCN.1

IfOT zHUQ~L TO'ax1Af

CALL CLAP(H0Up;,'SL!PFVC,DGSUIRSNSTQSUOTAUOTMb
OSOLs (nSUN*QS*,C) POTIM/ ('.o CPCPW)

04yNT*14T 9OT~tjfQ PP

b0TA C TA

Fa A(aPTjtj/scPW /1.O(C0NV#0CiFF)'TA!Q*H*'IN'

r:=CfnNVRCCFF,'.41

FTCI=P1' IA?-Ai *(c-G'T!)/P!.fG'AleA?.#A1'A?*G*G)*R*P(A3-AI)* (F-Ge

TC2=T '8'A' T '-TTN') .T2?Pe'(TINT '-IINT)

t (CnL #HP IN#t.'cTK) 0( HCL.RAIN.!.)
TC:?Ci*TC2#TCf
TTzTTOT'

,?!S TT.(.V ITSS1 "A 10
T!N&-TT

I~fTC.CT.TO0D()G0 TO 18
CCN'TNVWF

CALL TIRSKV IC~rA,Q",WVrL ,TAIR,TP,N8)

CCT 1*0 RI9q

lF('?.rT.TLI~v(!))G0 T0 41
Is t CONT I A F4

I.N t) NzJ *

s-a
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j I
?9; C C NYIP.U F

TCON: T'-T ger)

r.( T STy)f TO 41

L C a Ll .

JUT

4NC C I )

TF(4OLPIQ.LF..uQOUQ.1.)OTO4

CALL N), O F, NA TO "F, ,TC 9MI-9 SKYT M4 st'G to(-)

oc "II
J-: T

5 C elN T ki

LitM A -
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JwhO JUr IMONTW4

0 CCNT IIF
i t ? ' b 6 T w ! M C b 4 ? H I

IDLL ANAL (1r. TINT QCP4 9'oCOTLI ST 9TFimP)

CC LT.o .)O To jq

199 CCT I ii
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SUPQ(uTiTIIf SKOAr!
COwniq/cvpql 1,zr V , C1 T, OAD, SKYv T C0 At CT)A?, CRAlvrL rs, ort. 0? ,(rLCA

my rNS TON' C A I (f)) C RA 1 (6) ,rQAI ( A ) 91% 01 (01) vf'Lr)>If'R0 I %',n l ( 101

n 14 T CS U-I0 15?1 v,4 S I Q94 It, S ?94 (6 r. no 7n c;P.'!N R7 7,'Fk 06wT NIkf

Lr ' I P 06 ,C SU 1 F, , , q-S '17 44l) ;'Is* ~ '74 10 90 7, Q51.5t 7. l?J(797C. 7w1 9 7 0 si c

"' '. 4'~ 7F. q 10 i 7E . 4y'%'?, ?FC4 . Ot ? '. 9 O Lo 7(-.- qA9 7' . 50C4/15610{.(+, 71 0. ?75 , 7-,7q .? 7 1 g "4, 94ir .45 116 74 .96 ,01? tq 0, ?r. 7112,

t 1 . &:)', 7-q 14A , 7f . 0 lgt ",  Q417i  A 7,' o ? O ' % 401, 7, ?  6 /% }:o l

(I I " l o 1? i .? 95 7 ? . WF" 7 Q4 9 If-. o  3.  04 C-1 r3 .  sk1 4 Ito q.  l k nt o ? X

n.1 T 4 CWT l 7/ ? I. Ak op, 77. 8nIt'.,?6. OW)O 31. A?7C,-5 1. 0 7C* ' oFR. iC ?

13 TAC"WN I.A!, 4 (. 60 4 C4. I.r Sf, t-l 4 J*, A (IR n" ,  67 .144749A O

16A .I .z) , F As ?> 0, A,'. 771 ,"n 9 M 4 1 7 v 1 0 , 71 .4 1?5 7 1 . 454t 1, "?1 .c 441,

0 ."A '(T) :iF lu" I)

FIGURE 8-3 SUBROUTINE SKRAO OF PROGRAM A$1RUT
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frLO2fT)=CO~m2(T)

I ~~ roflj!)rCWINj(T)
Cc0 A7T?WTJV(

40 r-W 76O
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SUQQOUTrNF CLO)TQ(TLCTMC, r4c,IWrAT,cTRA4S,CONO,RCOVFF

f)M'NZ0 WFAT1H(7)
Cr&TA WFATW/814'40 PRFC' 84dPQFr WHtFr/CFAM'7L S8wQAIN

t8NSNOW sAW4NOWERS/

r'ATA

COA .mvs,5,7

7n Tr(ILCST,31GOC TO ?5

'n O An M
?' IFfTlJ.GT.5)G'~ TO 30

CTQCn,lx

Gm TP AD

3 5 IF (Ttr.C.T.Ar To *1

4c TQaPS=.?
GO TO SOl

SO TO 150

IF(I"r.GT.?)rG') TO 55

Gn TO 80

r.o TC AO

60 1'4 .*TU)Gl) TO 6~5

Cn~ TO 80
A~ Tr(Isjl.T.7r-f! To 71~

GO TP on

FIGUR~E 9.4 SUBROUJTINE CLDTR OF PR~OGRAM ASIACT
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To '0 TINC.GT.S)G0 TO7
CTOANS=01.7a.
Gn TO 10

75 CYPANS:0.65
qD fCONTINUF

IC'(TWFAT.GT.t9)GO TO 85

CONOzWFATW (I
Gfl TO 1?0

49 TF~jWVAT.CTel9)GO TO 90
(COI0= WVATW?
nnO TO 1?0

Qa TF(TWFATGT.4q)GO TO q5
CO NO H VA T (
GO TMl t70

09 TF(TWFAT~rT.S9)GO TO 105
r0Nn,=WFA'W(4)

nn~ TO I?0
inS yF(IwFAT*GT.S~lGO TtO 110

CON9=WFA TM(S)
GO TI, 170

110 !c(TWFATrTeT9)GO TO 115

qn TO t?1O

ItS CO00WFAYH(7)
1,0 QCOFF=O.

Tr'(lWIAT.*Ly.5f)GO To tcfl
TF(TWVAT*GT.5q)GO TO M11

r'o 1?t T=194
Tr(TWrATFO.LITO(TI)CGl TO 122

ziCONTINUr
(.0 TO 1V3

1?2 R(*OFVZI?.
nn TO 1'0

TF(TWrAT.FQJ4F0(X))G1 TO 125
1?4 CONTTNJV

175 PC~r~z?v*
(C) TO 150
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t~ no 1??S

rn TO 150
110 fln tic JI,15r

TF(1FATFf)L1T(J)G, TO t36itir 11rONT*NUFf

116 Ppnr=o.

Tc~IWVAT.r).T'mVC(J))(') TO, IL4?

IL.? QnrF=1315*

GO Tn l ti

1C(I&WFAT..QT4FV(J))f-0 TO 1'.O

14.5 CnNT 1 ur
14g ProFvl?0fl,

151 CNTT*IWF
Q r TU
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SU90OUTIV' NF14Av(ILINE9ZSOL!FUNRvSNSfTl
COl1CN/OAYN/lMnNTHXOAY,rYEARALOCALATILONGIQUADIPAGE
COt'MON/P PL/KK ,ONTI4,AYEAR, NOPL.T
flTMCNSIO4 OV~i.q1)

CATA OEC.'1 74fc,1'5,Ig.-I~.-~a.-7.-ez.-.

D(:IIJ,1

FR AC=IOAY-7Ilj-l
ZSOLELIK)+OECLIK+I-ofcu(IK,,'(FRaC/7o

7'=rCS (P)ALATw

JI Ar:A LA V
IF (4CPL'T.FO. 1) GO' TO 2

PRINT tb'.I1iONT4 ,IAYIYEAF,ALOCJLATILONGIQUAOSUNRS.SET
160 CflqMA(14390 DATF IS*,I2*f/*qI2q*/**,X4., WEATHEF S4IP,9A2,3X9

I4AT Lt.TIT'IOr *92,3199ANi LfONGITtUtF'I'q'(OUAORANT',I2,') SUN RIS
1JI AT',F5.?9*WOUPS Str4SFT A'",F5.29,'4OUQS0)
IF (ILl NW .CT. 37) IPAGfx1
IF(1PbGE.'()et)GO TO 25
POINT 215

215 FORNAT(11U,9 CLOUD AERO SCAT TOTAL OIR. INOIR SOLAR WINC
101OFrT ~RL CONVT WEATHE; RAIN AIR T SEA T SHIP CORR. SKY A SKY
I T OACKT C'ON~rw'
PRIN~T ?22

25FCO'lAT (14 * T:M TRANS TCAP4S AeSOF TRAN4S SOLAR SOLAR AASOA SPEIEC
1C',-NTN WINDOf COEF coos1 ',OF~r OF, C OEG 11 01P DEG C FPAD 12 0DEG
I. r DEC. C 9EG CO)
IL 14f--0
IDAGF=3

20 CONT INUJ
SNSET=SNSrT-12.

RE T UPN

FIGURE BSSUSROUTItff NEWDAY OF PROGRAM ASIRCTI
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S'J9RO(;TIN4r SOLAR (,4OURZSOLSPFEOHDGSUINR9,SNSETbQSkiNOTAUOTIMII 47MMON/SLHETA RT0TLOCAL ZLAT,WOI, WVEL T'EAVSRCFRAEtlISS 9
ICI ,,TCC,TAS,,TSCTT'RN,OCI'!,OSC ,CONV,WRELA?!,CTfkANSSOLARA.ZENI1I4,RH

O2ATA PoPZ.jj74 /

WSATAAE6rifl11.9?66-I..95gS5'AA-2.4d88AAAAI
AAz?71.li/ (273.15fTOPTl
%%C.ONAA"cXP 1t..9 ?6-14.9595' AA-? .A.R88#AA@AAI
;14110c..W3ON/WSAT

721= Fr(P*S76)I CALT02
74 z VLS,('~~ CALT32

?I=CO OS(PPO7L AT)TII; z3 71~IF72+73 (),075 CALT03

W4 z c~PrF,CO P*o;)14 CALT11
WQFL =SQ'(w3** 4- W4*''1 CALT11
CONV3.~55iFL'v 106I TV~I (CONV. LT.6 I .N V=6.

C CCNV'T WINJ SPr'lOS FV04 K'4OTeZ IIO wTES/SEC
WVFLZWVEL/Z. C

.2T I H =Cr TA I 
CATJIr (S(L7.LT*OQ.) 3.ZACI AL

33 Y1:rOS (P#F?LAT)*'SIh(PFZS~tl
Y2 =COS (P7S( L) IFSIN(P'7LATI

Y= -0 I " ('40 . -SOL 7))
S SL A 7=ACOS (v3 X)/PI;IF I4 .1)5OLA Zz61. -SCLA 7

C , )L A0 
,4F A 7 L 0AD CALT04

C CALCULATUI(N (F SLANT VAT*W Er)UIVAL'r4T t ID MASS CALT0,1
1I7 (Stt.7.LT.AC.) 51.52 CALTOfs

~1 A 1./C'( 0 ~LZ)CALTOIA
Al t CALT05
C.O TC 53 CALT05

5? A : *f~lY(P9(3QL7 -. '1I) CALT05
At :~~~(''(OL7.d~CALTO!

FIGURE 84 SUBROUTI*IE SOLAR OF PROGRAM ASIRCT
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53 CONT !NUF CAL 105
WhXIGC.~*WU41r) CALT 35IMx't(.44.t3W$(X(o90)i1 CALT05
A:wzEXI(-2*,/CIWW*A1)"'.0915)I CALT05
TSC 1. TS- A"W

T 1-(("4ST-So .%/VIS CALTDS
Slz IrJ(v TS )/? CALT05

e7 S 1 P'u 1 CALTO6

T"I',: I .- (I #-1)*( 1. -CBfANS) CA Li 0
T T.RNTCC*TAc;*TSC

CoJ C= 35n j*TT
A mCoC f f AMSW IL'

ml 01 "? 37 CALMQ

!F (04.LT.C.1 CALTGB
A2='.5940(A 7-CL A711
nl5 rt1 C ?@7%CS~'Z)2)(ALTUS
IIJ10SIJN. 1,T ,. I rO T0 i?

SU q(N L'_W "Oq7)N CALTP,9

le rrc.

y(r)SINjf:(),.1 GO TO 1!J

Q') UN: I'

ji ru I.J

PC s-IslIN
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SU1%QCUTIW4 TFSKY V'VRA,1vWS,TAIR Tv'IP,NQ)'

r* 4FNSICN ziDf?9) , TfEP D(9),CCOV W) 9,N 4791
DATA ?.',.,b...,. IO

C ATA Aw/I., 5.,be0/

CATA .,

jI33, 5.f75.7T5.3251?5.5.63'5q?

(~Cw269,30971022TO 35

15 T m

!II
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J= J* I .
qA OL (J I =Ct. Ot (N 11
^-AOU (J) a."LO' (NI

QC -C(U IJ I aCR A2(J I:: 0 TO '.C

31jJ2I
cc1 1? 14= 9,1

jx ;

I x C', C I (NI

LL -- L-I
:r(S FAW L)IC) TO 50

5 'A(LL;r)O '.WS.rT.3.,)GO TO 5
-:A 411,(LL-1) 14 ADr1(LL I -QAOCL L- It I (WS-AWS (LL -111IfAWS(t.U-

I -14(LL -1 I

G0 TO 56
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-I ; = R AfJ (LL.
2 c4 i C V, I(LL)

cr 71 I:.7
j= I

T r Lr,.GT. IRD(IIGO TO 72

CJ T I -' •

Oft A,= AO.J- I Ar 0
' Y T=SKY T oAOJ

JJ-IADI

1 r p 0{ GT. 1. 1, 1J - I
I F ley' -L'.T FM P(J) IJsJ- IN;( IR 1
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0""M T I mt tfl v"64701 *

1 4( 11-s4

Or ToIV14

FIGURE 5a SU*ROUTINE COt4HR OF PROGRAM ASIRCT
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r-j,4iOUTINF ANALtI-,TNTC13XTM)CTLIST,!EMPI
t'6N/P QPL/ KXs KMON T M 9A fAR* NC Pt.T
rmmCN/TA TV /MI. VZ0394 9450N6N A 4eNCvN1EvNF,N SNTLCtLOtLN

rT4NtTNMI(9 0211pM(9 #44 M49 67)PA7? N8f9

'1mrIS O1 111 1 :O ly(1 1 I 1t11IT 1 1 1T 0 1 1 T 1(1I

'I" 7il 41, 0 1 A41ITY nc :S'2-NC.jt4 -4IP TEM4PERATUR~ES MONTH=*

I I 46 VF A-7=0 ,ie 'rPWr 0, Ff. 2, 1 TNT TffMP#F9?90FG-C 4E

r.; IN

'317 c^Q"' T1 qf/,""41IYo: ,,-V SK(Y TFYPERAYURES41 j

??5r Ik 'r'f1')I D-''A;4LITY OP A1S f OVt I , ACKGRCUN3 TEMPERATURES61

CA.LL SJR T (W *LrN sTLIST, T~!Ci()

2? [mA 4 90 ~oq9A11LTTY Or VCfSVINr, 1.ONTRAST TEMPQERATU'RES (UI

POIN4T ?'i,Km0NTw,TYfAc
224' F00wAT (141 q* DC1.A,1TL1TV GF OSSFOV1NC 0 '4TQAST TE"PERATURIE WRtIN I

K(IC t K 1

FIGURE 9 SUBROUTINdE ANAL OF PROGRAM ASIRCT
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POINT 227
2? 7 FO MtAT (Iw-) PikOqAfILITY OF OtPSEPVING TOTAL CONTRAST TFOOPERATURff

CALL SOPT(NT*LCN,TLIST,TTCON,?
t ~ PINT ?Zt

2?3 CnQ1MAT(1e4:, PPCAAILLTV OF CPSERVING TE'PEPARIE MOoIFICAtION*1

I CALL S )-TJNF .LCN,TtIOO9T ArcC
PC IN'r 21 K4LNTH ,I Y 11;

21~: r0;-A'**V , CONTOAST TEMPFRAtUQCS ON 40UR0L 14SIS ,OIZ,2

IF ('1 (KU) .GT .)N1:N1.#' (Kill

IVf4Z(KUI * GT.. )N~zN?,?? (KU)

YC(!fKU).T. )N65gN6#M6(KU)
0;IsT ?71 "

231 'A'1% .AM)

CaLL 110~ iml *'i1, TLI 1T~rTfs)

CALL TL&~TFlJ

243 FCr 'tT(It.,90 :?.N1OON')
CALL 'q ;,!'lN TL ISTTTWL)

CALL S~TM~N* TLISrTJONEI
VOONT ?35

215 Fl)pWA1H) 0* 11.P 0M.*1
CALL SOOTf M5.I0459 TL IST,rTwo)

CALL S0PqT(P'6*%6b TLISTTT4Q)
OTINT 2U'

26- FQ,?4&T(~,' PPOI SKY TFMP SWIP TEN PACKrPPJ 'M31IVIC DAY CON?
i%I6'4T ON TOTAL CN 10AP4 CON IJA4 CON 1?NN CON JPM CON 20M4 CON

1WO! C04)1
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---4:; A *95S~ )9TH(I F7K ) TAO( OONI TCO(I

c C0 N T ?.,UE
n.)1 k T 2

LC NZ
C TUPN

N IDM
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SO QO 1)T I N S O T INDv N UP T HP 9ST AT I
CO MON /P 3fL / K KK HN T oA YE AR9 NOPL T
0 1MF NS 10N NO(?qV91 9P,((79)f,IP(g9~ ,X(401 9V (a.CI#OPT( 101 STAT UI

LL --79IAll= AYF AR

CC 5 M1lLL

T(1tl elt, 01 " TO 6

LN=L#I.,-N
IF (N)(L0) GT.C )GO TO I?

1: CGNTINUE
12 AM=NU'4

V; LN IN
j ,Lz4 14N

nP~A#OR( L611

I~NT 1'
i C )4).MT(1~4 T~ TF'P q Umnp PQ0O- VALUF TF4P NUME)R OR

top V4...'W TF41P 4tJ4ff PRCI VA.'AJE TeE?4P NU~MBER PR

itt i T( if OG6-C AT T(40~ OR LifSS OF &-C AT TEMIP OR
1LFSS 3 Er. 0 AT 'E(MP C~ L7SS OEG-C AT TFMV OR

35 1L

IF (NP4. V .,CIL: 12

109 I4'( y19I

DOINT IS. (TFIIP( 11) e04(11, vPR08( 11 912 IJ,,L~,Ml

FIGURE W0SUSROUJTINE SR FPORMAIC
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IF (I N. El ITNz Nb

00 If KE 4I
IF(PPO-i(l.LT.OP'fI))G0 TO 3 R

36 CONTINUE2

IF(1OPLT.E(0.l)GO TO 55

IP(Kl(.rT.Vf)(-O TO 3?

~( 0 '4
.31' iFiKV.r5Tb)f50 TO3 41

41TCA ."U.1GTOI. TQ23

IFnO E3G TO

42 TFO

T;P
45 JZZ
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4.5 CALL CWAL 1tN,X,O0,T2T19 0.0,1 0C9 IC*3* 6.OONSKY SHIP RACKG*410
1.TEMRATUOE YE AP2,37, 17HTEMPE.RATtJRE OEG C917,IIN4PRORWrILITY~tt,

113 T0 52
'.b llcfKK.E0.i)(G) TO 4.1

CACALAL4I,,,.?T,.11.,.L tSIIP TEM~PERATURE S

rn TO 5%
'.7~~~~~~~~ CALCL *NWYOTI,.Js. 1 8*CG94SH.5C0NTQAST TE4PIERATU

GO TO 5Z

t.NTR'AST FE'APCV;ATIJQr Y Af,&.I., 7HTV9PFRATURE O0.G C91791IMPROBARILI

C aLL S Y A-L 4110 6. 5 ,1e~ ,64MONT Wc 9 o,6

5COvJT NUF4
CO 6v' t =9

3 cc I's I 1 3

r f TU 41
A-N

42
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